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Abstract

The European Flightpath 2050 and corresponding Strategic Research and Innovation Agenda
as well as the NASA Environmentally Responsible Aviation N+ series have elaborated am-
bitious emissions and external noise reduction targets according to chronological waypoints.
However, the evolutionary improvements of conventional technologies might not be sufficient
to fulfil the declared objectives. Disruptive technologies need consequently to be envisioned
to reach the set of future goals. In order to deliver ultra-low or even zero in-flight emissions
levels, there exists an increasing amount of international research and development focusing
on the electrification of aircraft propulsion and power systems. While aiming for the ulti-
mate goal of universally electric transport aircraft, a hybrid-electric approach will be first
necessary to match the requirements of aircraft propulsion systems and the development
pace of electrical components technology. The introduction of hybrid-electric technology
expands dramatically the design space and the full-potential of these technologies will be
drawn through synergistic morphological and systems integration. Perturbing the conven-
tional design paradigms, the design of hybrid-electric aircraft poses a genuine challenge to
traditional sizing and performance methods.

Conceptual design methods for sizing, performance analysis and identification of flight tech-
niques for hybrid-electric transport aircraft are proposed in this thesis. Considering the
available legacy industry programs, the methods are developed with the capability of being
integrated in traditional sizing and performance environment. The models of the stand-
alone engineering components which constitute hybrid-electric propulsion systems are first
described. By establishing the interfaces between the engineering component modules, the
layout of the hybrid-electric propulsion architecture and the system integration at aircraft
level are then comprehensively detailed. The conventional methods are extended to map the
intrinsic characteristics of hybrid-electric propulsion system within the aircraft design and
performance environment. The tracking of the electric energy consumed and the calcula-
tion of the maximum thrust available are in the focus of the methods development. New
degrees-of-freedom such as the degrees-of-hybridization and new constraints associated with
the sizing of hybrid-electric propulsion system are introduced. The specificities related to
the sizing of hybrid-electric propulsion system are explained by describing the sizing criterion
of the components. The overall aircraft sizing process and the evaluation of the aircraft
integrated performance are finally highlighted.
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The vehicular efficiency function is an essential metric in conceptual design phase as it eval-
uates the overall efficiency of the aircraft to perform its dedicated transport task. Used
notably for identification of optimum flight techniques it enables to match the altitude-speed
operations of the aircraft with its aerodynamic, weight and propulsion characteristics. New
figures-of-merit which take into account the novel characteristics of hybrid-electric propulsion
system are established in this thesis for the flight techniques optimization of hybrid-electric
transport aircraft.

The proposed conceptual design methods are applied to evaluate integrated performance
of hybrid-electric narrow-body transport aircraft. The assessment focuses on fuel-battery
hybrid-electric propulsion system technology targeting a 2035 year entry-into-service. The
investigations of a retrofitted narrow-body transport aircraft with a parallel hybrid-electric
propulsion system and of narrow-body clean-sheet designs with parallel and partial parallel
hybrid-electric propulsion system enable the derivation of design heuristics and sizing ax-
ioms. The sizing sensitivities of hybrid-electric narrow-body aircraft are investigated against
the design range, the degree-of-hybridization for power and the battery technology level.
Increasing design range results in a degradation of the integrated performance in terms of
fuel consumption, aircraft weight and vehicular efficiency due to the raising electric energy
demand which translates basically into increasing battery system mass installation. Lower
battery gravimetric specific energy results in the installation of a larger battery mass for a
given amount of energy which results in penalizing weight sizing cascading effects. Growing
degree-of-hybridization for power up to a moderate level results in an increasing block fuel
reduction, however, at the expense of a degradation in vehicular efficiency. The fuel saving
benefit obtained by increasing degree-of-hybridization for power is explained by the increasing
use of electrical energy and by the improvement in overall propulsion system efficiency. The
degradation in vehicular efficiency is caused by the sizing of the electric propulsion system
for higher power and by the increase in electric energy demand requirement which result
in higher battery system mass installation. In the context of the hybrid-electric transport
aircraft integrated performance investigation, the market application of these concepts is
found to be subject to the regional segment with design ranges in the order of 900 nautical
miles (nm) to 1300 nm and for low-to-moderate degree-of-hybridization for power considering
battery technology above 1000 Wh/kg. In terms of the influence on flight techniques optimiz-
ation, increasing the degree-of-hybridization for power has a tendency to lower the optimum
speed. However, by mirroring cruise flight technique strategy of conventional aircraft such
as the long-range cruise speed, this effect should not drastically change the contemporary
altitude-speed flight profiles.
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Chapter 1

Introduction

The aviation community is considering with great attention the application of electrical tech-
nology and power electronics to transport aircraft propulsion as it is viewed as a promising
technological pathway to achieve the international environmental targets set for aviation.
Growing environmental concern was translated into the declaration of goals for aviation by
Europe and by the United States of America. The Flightpath 2050 program and corres-
ponding Strategic Research and Innovation Agenda (SRIA) [1] as well as the NASA Envir-
onmentally Responsible Aviation N+ series [2] aim at reduction in terms of emissions and
external noise. Within the SRIA document, 75% reduction in emissions is targeted for the
year 2050. Of this total 75% reduction target, 68% result from the combined improvement of
advanced propulsion systems and airframe while the remaining 7% come from improvement
in air traffic management. The fulfilment of the future goals will rely consequently in major-
ity on the technological development of propulsion system.

The consideration of electrical technology and power electronics is motivated by the grow-
ing evidence that evolutionary improvement of the technologies might not be sufficient to
fulfil these targets. As evaluated within the project SELECT [3] contracted by Northrop
Grumman for NASA, the N+3 fuel burn goals could not be achieved assuming evolutionary
improvements. Scenarios presenting the possible integrated benefits of combined evolutionary
improved technologies [4] indicated that emission reduction in term of COq will fall short by
around 8% of the target for the year 2035 and that the deficit becomes even more substantial
with respect to the 2050 target. This trend can be best understood by the high maturity
reached by contemporary technologies and in particular by the conventional propulsion sys-
tem technology implemented in transport aircraft. Prospects for technological improvements
have consequently reached an asymptote leaving not enough potentials for achieving the tar-
gets. The introduction of innovative technologies and more specifically disruptive propulsion
system technologies turns out to be essential in view of meeting the future goals for aviation.
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1.1 The Need for Hybrid-Electric Technology Towards an All-
Electric Economy

The application of electrical technology to transport aircraft could revolutionize aircraft
propulsion and power systems. The progress of electrical component technologies, the devel-
opment perspective of key enabling technologies and the electrical system configuration for
synergistic integration at aircraft level make the field of electrically driven propulsion and
power system very promising in providing the technological rupture required for the fulfil-
ment of the future goals.

The feasibility of electric propulsion system application to transport aircraft will depend
upon the improvement in energy and power capability of storage device, the development
of components key performance characteristics such as gravimetric specific power and effi-
ciency, the scalability potential of electrical components [5, 6] as well as the maturation of
key technology such as high-temperature superconductive (HTS) technology [7, 8]. While
striving for the development of universally-electric transport aircraft [7-10], offering a vision
for zero-in-flight emissions, significant progress in electrical component technology needs to
be achieved to reach the technological requirement enabling universally-electric commercial
flight. In order to match the propulsion system requirement of transport aircraft and the de-
velopment pace of the electrical technology, hybrid-electric approach to propulsion and power
will pave the way towards universally-electric propulsion system. Referring to the emergence
of an all-electric economy, Sehra and Shin [11] stated that “hybrid propulsion system will be
required to meet the challenges of transition and timely introduction of fledgling new power
systems”.

The feasibility of applying hybrid-electric technology to the propulsion system of transport
aircraft has to be examined and the potential advantages assessed at aircraft level. The be-
nefits of hybrid-electric aircraft need to be evaluated for future market segments in terms of
emission reduction potentials, vehicular efficiency change and operating economics.

1.2 Definition of the Research Objectives

The integration of an electrical drive to the propulsion system of an aircraft disrupts the
traditional sizing and performance methods. The design variables and objective functions for
the sizing and optimization of the aircraft need to be redefined due notably to the electrical
energy source participating to the propulsion of the aircraft. The tracking of the electrical
energy requires the development of methods to map this additional energy source within the
integrated performance calculation. The characteristics of the electrical components need to
be considered for the sizing of the propulsion system. According to intrinsic physical beha-
viours of the electrical components new constraints need to be taken into account within the
sizing process. Aiming at evaluating the prospects of hybrid-electric aircraft in the conceptual
design phase, new methods need to be developed to enable the design, sizing and perform-
ance assessment of hybrid-electric transport aircraft. Pre-design methods for the sizing and
performance of hybrid-electric aircraft found in the literature [12, 13] are based mainly on
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first-order equations for the modelling of the aircraft and the propulsion system. As a result,
detailed secondary effects cannot be taken into account in the evaluation of integrated hybrid-
electric propulsion systems. Besides overcoming the limitations of contemporary methods,
the newly developed methods need to offer higher fidelity modelling than pre-design methods.
Concerned by the use in industry of legacy or commercial sizing and performance programs,
a constraint in the methods development is set on their capability to be integrated into a tra-
ditional sizing and performance programs. The development of a completely new sizing and
performance environment is not the focus of this thesis. Hence, the first objective can be for-
mulated by the development of new conceptual design methods which can be implemented in
contemporary program to enable the sizing and the performance assessment of hybrid-electric
aircraft and to enhance the fidelity of the modelling compared to pre-design methods. The
identification of optimum flight techniques is essential in conceptual design phase to match
the speed-altitude operations to the aircraft characteristics. The classical metrics for flight
technique optimization are deficient when introducing an additional source of energy for the
propulsion system. Consequently, the second research objective of the thesis is the devel-
opment of methods for the determination of flight technique optimality of hybrid-electric
aircraft. Finally, the investigation of the integrated prospects of hybrid-electric aircraft in
terms of market segment range application, potential reduction in emissions and change in
vehicular efficiency is the third research objective defined in this thesis.

1.3 Scope and Structure of the Thesis

With respect to the research objectives formulated previously, the scope and the structure of
the thesis are outlined. The thesis focuses on the development of conceptual design methods
for sizing, performance and flight technique optimality of hybrid-electric aircraft in order
to assess hybrid-electric propulsion systems at aircraft level and to examine the integration
implications. Visualized in Figure 1.1, the perimeter of the thesis is drawn around the sizing
and performance module of the aircraft and it includes the establishment of the interfaces
with the expert modules to capture the sensitivities of hybrid-electric propulsion techno-
logy at aircraft level. As indicated the modelling of the component characteristics and the
architectural layout of the conventional and the electrical system are provided by external
engineering modules.

In Chapter 2, the state-of-the-art in electric components technology and the development
perspectives are reviewed. Potential key technological enablers for the application of electric
drive to propulsion and power system of transport aircraft are then discussed. The topological
options for the layout of hybrid-electric propulsion system are finally identified. The review is
then extended to aircraft level offering a compendium of advanced transport aircraft concepts
employing electric drive to the propulsion system. The classical methods for aircraft sizing
and performance are reviewed in Chapter 3 and their limitations for the integrated assess-
ment of hybrid-electric propulsion technology are identified. The proposed methods for the
sizing and performance assessment of hybrid-electric aircraft are then detailed. The methods
developed for the identification of optimum flight technique of hybrid-electric aircraft are de-
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Chapter 2

Hybrid-Electric Technology State-of-
the-Art and Beyond

State-of-the-art and mid- to long-term development in hybrid-electric technology for propul-
sion system of transport category aircraft are reviewed in this chapter. The objective is
to describe the different topologies considered for hybrid-electric propulsion system and to
provide the technological level assumed for the components constituting the propulsion sys-
tem. This knowledge lays out the basis for the development of the methods in Chapter
3 and for the integrated performance analysis of the advanced aircraft concepts featuring
hybrid-electric propulsion systems investigated in Chapter 5. The topological options for the
layout of hybrid-electric propulsion systems are described in Section 2.1. By representing
the combinatorial variety of component chains, the components constituting hybrid-electric
propulsion systems are introduced and the architectural layouts are conceptualized. The
relevant characteristics of the electrical components are reviewed in Section 2.2 discussing
the technological state-of-the-art level and the development perspectives. The potential key
enabling technologies for the deployment of electric power drives to transport aircraft are
identified in Section 2.3. Finally, the application of hybrid-electric technology to aircraft
propulsion is reviewed in Section 2.4.

2.1 Hybrid-Electric Propulsion System Topology

The narrative presented in this section reflects the argumentation published in [14, 15]. Figure
2.1 illustrates a comprehensive representation of the most relevant combinatorial variety
of propulsion systems featuring an electric drive application by distinguishing between the
components (or component chains) generating the shaft power and the devices consuming it.
Electric approaches to aircraft propulsion system are known as hybrid-electric and universally-
electric [10]. Hybrid-electric means intrinsically that electric power is used in combination
to at least one additional power source. Universally-electric implies that the propulsion
and power systems rely solely on electrical energy. Focusing on the propulsion system, the
consumer of the power is the propulsive device. For transport aircraft, the required thrust is
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Figure 2.1: Conventional, hybrid and universally-electric propulsion system topology [14]. Ad-
apted from [16]

provided by unducted or ducted-propulsors. For a conventional fuel-based propulsion system,
a reciprocating engine or a gas-turbine are typically considered. The shaft power is created by
converting chemical energy resulting from the combustion of the fuel into mechanical power
through an aero-thermodynamic process.

In an electrical propulsion system, shaft power is produced through a process that can be
subdivided into the generation, the distribution and the conversion of electrical energy into
mechanical power as represented in Figure 2.1. For the electrical energy generation, the
following devices or their possible combinations are most commonly considered to provide
the electrical power:

e an electrochemical battery which converts stored chemical energy into electric energy
as detailed in Section 2.2.3.1,

o a fuel cell generating electrical power through chemical reaction facilitated by a fuel
(such as liquid hydrogen) and oxygen as developed in Section 2.2.3.2,

e a generator, driven by a conventional fuel powered combustion engine, which converts
mechanical power into electric power. This arrangement is commonly known under the
terminology of turboelectric (see Section 2.1.1).

Even if not explicitly shown in Figure 2.1, supercapacitors or flywheels could be also con-
sidered to provide electrical power [17].
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The role of distributing the electrical power is realized by the power management and dis-
tribution (PMAD) which conveys and monitors the electrical energy from the energy sources
to the consumers (see Section 2.2.2). The PMAD is typically composed of controllers, con-
verters, rectifiers, inverters, cables, electrical buses and circuit breakers. Optimum layout of
the PMAD system results from the analysis of level of working voltage, system efficiency,
mass, bill-of-material, reliability and maintenance under constraints of abnormal mode of
operation. Another important aspect related to the electrical system layout is the integra-
tion of the thermal control and regulation system to provide for every operating condition an
appropriate thermal environment to the electrical and power electronics components. It is
essential to consider thermal management in the early design phase of the integrated electric
drive as it has strong implications to the design of the propulsion and power systems [18, 19].
Finally, the useful electrical power needs to be converted into shaft power in order to drive
the propulsive device. In electrical system architectures, this role is adopted by an electric
motor (see Section 2.2.1). It can drive by itself the propulsor device directly or through a
gear-box. As illustrated in Figure 2.1 it can also be mounted to the shaft of a combustion
engine to support its operations. Due to the nature of the electric energy which can be easily
partitioned, the field of distributed propulsion aiming at improving structural-aero-propulsive
integration, is often considered with hybrid-electric and universally-electric approaches (see
Section 2.3.2).

2.1.1 Serial Hybrid System

In a serial hybrid, only the electric motor is combined to the shaft of the propulsive device
[20]. The different power chains are combined together to an electric power node. The main
power chains considered in a serial propulsion system for transport aircraft are represented in
the region entitled “Generation of electrical power” in Figure 2.1. The most common serial
arrangement is known as full turboelectric [6, 21-23]. In a pure turboelectric system, the
electric power is produced by a generator driven by a combustion engine commonly a gas-
turbine. The main advantage claimed is the improvement of the propulsion system efficiency.
As the generation of power and the consumption of power are decoupled in a turboelectric
system, the gas-turbine operation is now independent of the operational constraints of the
propulsor [21, 24]. Enhancement in propulsion system efficiency results from the separate
optimization of the gas-turbine core efficiency and the propulsor efficiency. However the
transmission efficiency is penalized due to the accounting of the efficiency of the additional
electric components composing the propulsion system architecture.

Because of the greater bill-of-material related to the additional electrical components in the
propulsion chain, the weight of the system is expected to increase compared to a conventional
propulsion system [21]. An improvement in overall aircraft efficiency can only be achieved if
the increase in propulsion system efficiency and the enhancement in aero-structural-propulsive
integration through the integration of turboelectric propulsion systems compensate the afore-
mentioned negative effects.

In a serial system, fuel-cells and batteries are considered as means for generating electrical
energy. Serial arrangements combining combustion engines, batteries and fuel-cells are also
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considered [16] to draw the advantages of each of the system in order to achieve greater
system performance to the detriment however of a greater system complexity.

2.1.2 Parallel Hybrid System

In a parallel system, the electric motor and the combustion engine are both mounted on
the shaft of the propulsive device [20]. A common parallel system approach is realized by
installing an electric motor on the low-pressure compressor shaft of a gas-turbine in order
to support its operations [25-27]. The source of electrical energy and power to drive the
electric motor can be provided by battery or fuel-cell. Parallel hybrid system powered by
batteries will be the focus of aircraft sizing and integrated assessment in Section 5.3 and
Section 5.4. If integrated to an existing gas-turbine, the concurrent utilization of the electric
motor influences the operational characteristics of the gas-turbine. As a result the gas-turbine
can be forced to operate into part-load leading to a degradation of its efficiency [27]. The
change in gas-turbine efficiency due to different part-power operations resulting from the
utilization of an electric motor is demonstrated in Section 5.3. In addition, the change in
the operating line of the gas-turbine components can reduce the surge margin. Moreover,
detailed system integration analysis are required for the implementation of an electric motor
in the environment of a gas-turbine.

Another recent approach for a parallel system is the so-called “integrated system” [28, 29]. Tt
consists of electrifying part of the core cycle of a gas-turbine. For instance, the electrification
of the high-pressure compressor stages of a gas-turbine was proposed by Schmitz and Hornung
[30]. Still in a pioneering phase, few publications are currently available on this topic.

2.1.3 Partial Hybrid System

In a partial hybrid system, at least one propulsive device is driven conventionally by a com-
bustion engine while the other propulsive devices are driven directly by electrical motors [20].
In order to overcome the challenges related to the operation and integration of a parallel
system, a partial parallel hybrid system was proposed by Pornet and Isikveren [31]. The
electric motor and the propulsive device named “electrical fan” is integrated in addition to
the combustion based engines as indicated in Figure 2.2. Fuel-cells or batteries can be se-
lected as energy and power source to drive the electric motors. The integrated performance
analysis of this partial parallel hybrid system is assessed in Section 5.5. In view of improv-
ing the overall vehicular efficiency, the electrical fans can be distributed to take advantage
of distributed propulsion technology through tight aero-propulsive-structural integration. In
addition to the potential benefits gained by distributing the electrical fans, this approach of-
fers numerous advantages compared to mounting the electric motor on the low-pressure shaft
of the gas-turbine. In this partial parallel hybrid system, the design and the operation of the
conventional and electrical system are independent. The complex implications resulting from
the interactions between the electric motor and the gas-turbine operations are consequently
avoided. Moreover, the overall efficiency of the propulsion system can be optimized by op-
erating the conventional and the electrical system close to their peak efficiencies. Finally,
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it reduces the system complexity and beneficially avoids the integration challenges of the
electric motor within the gas-turbine environment.

An evolution of this topology is a partial turboelectric system. Instead of having a complete
independent electrical system, part of the electrical energy is produced by the gas-turbines
through generators driven by mechanical power off-takes. The generators provide electrical
energy to one or several electric fans. A schematic representation of this arrangement is
illustrated in Figure 2.3. The additional provision of the electric power reduces the tech-
nological level requirement imposed to the electro-chemical energy sources. It enables also
the deployment of optimum energy management schemes considering charge sustaining and
charge depleting strategies of the batteries [32, 33]. Charge sustaining strategy enables for
instance to operate the gas-turbine close to its optimum efficiency by utilizing any excess
power to drive the generator and to recharge the battery during the mission.

2.2 Electrical Propulsion System Components

The pre-design evaluations of hybrid-electric propulsion system at aircraft level proposed in
Chapter 5 are based on first-order linear models of the electrical components. These models
rely on the following characteristics.

e The gravimetric specific power, p, the amount of power delivered per unit of mass, is a
relevant parameter for sizing as it determines the mass of the components according to
the power requirement.

o The volumetric specific power (or power density), p, the amount of power delivered
per unit of volume, is a relevant parameter for integration as it defines the volume
displacement required to install the component.
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e The efficiency of the components, 1, ratio of the useful power to the input power, is
a relevant parameter for the system performance as it enables to quantify its overall
efficiency and its losses.

o For energy sources, the gravimetric specific energy denoted as e, the amount of energy
contained per unit of mass, is another important sizing parameter as it defines the mass
of an energy source or of an energy storage required to deliver a given amount of energy.

The technological level assumed for these characteristics are reviewed for each components
constituting the electrical system in the following sections.

2.2.1 Electric Motor

For aircraft application, high gravimetric specific power and efficiency of electric motors
are of importance along with high volumetric specific power. Current conventional electric
motors for aircraft application exhibit specific powers up to 5 kW /kg [34] and efficiency value
around 95% [35]. When considering application requiring several megawatts, HT'S technology
is one interesting option [7, 8]. The characteristic of HTS technology is discussed in 2.3.1.
Replacing the rotor and/or the stator of the electric motor architecture with HTS material
leads to a significant increase in specific power [7] as well as improvement in efficiency. In
contrast to conventional electric motors whose specific power remains nearly independent of
the size, HTS electric motor specific power increases with power [36]. HTS electric motors
are expected to achieve specific power exceeding 15 kW /kg and efficiency above 99% (cooling
system not included) in the power and rotational range speed required for transport aircraft
[6, 7, 37, 38]. HTS technology is assumed for the electric motor architecture constituting the
hybrid-electric propulsion systems investigated in Chapter 5.

2.2.2 Power Management and Distribution System

The distribution and the management of the electrical energy from the energy source to the
multiple electric consumers on-board the aircraft is performed by the PMAD system. This
system is generally composed of:

e Cables that transmit the power through the electrical system. While using conventional
technology for the power cables would result in heavier weight, HTS cables are projected
to reach a specific weight of 9.2 kg/m [39] and by dropping the resistivity to zero offer
a transmission efficiency of almost 100% (see Section 2.3.1). An important design
consideration is the influence of the pressure change on breakdown voltage according
to the Paschen’s law [40] which determines the amount of insulation and shielding

required.

e Circuit breakers, which protect the system from short circuits. In any high power
system, semiconductor devices known as solid state power controller (SSPC) are used
to control the power supplied to a load and to prevent fault current. State-of-the-art
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SSPC yields specific power of around 28 kW /kg [41]. Projecting the evolution of the
technology towards 2030, a specific power level of 44 kW /kg can be assumed with an
efficiency of 99.5% [42].

o Converters, rectifiers and inverters which are used to convert the current between direct
current and alternate current. State-of-the-art converter or inverter exhibit specific
powers of 11 kW /kg and an efficiency of 97% [43]. By extrapolating the conventional
technology evolution pace, a projected specific power value of 20 kW /kg in year 2030
was predicted by Vratny [42]. A model of a cryogenic inverter including cryocooler
quoted by Brown [6] yields a specific power value of 25 kW /kg and an efficiency value
of 99.5%.

e Controllers monitor functions to identify overload of electric device like the electric
motor or the battery (also called the battery controller unit). Identical value in terms
of specific weight and efficiency as cited for the converter or inverter can be assumed
for the state-of-the-art [43] and for the projected value [38, 42].

The layout of the PMAD architecture is a complex task as it requires considering any ab-
normal modes to ensure provision of the electric energy to the vital, essential and non-
essential systems. Moreover, the operations of the PMAD require the establishment of control
strategies for power allocations schedule and distribution protocols. The final architecture se-
lection results from an optimization process whose objectives are the minimization of system
weight, volume and bill of material while maximizing the system efficiency for a given or a
bandwidth of power requirements under the constraint of abnormal modes, system complexity
and maintenance.

2.2.3 Electric Energy and Power Device

Besides utilizing a generator driven by a conventional combustion engine to convert mechan-
ical energy into electrical energy, the two main devices considered for hybrid-electric propul-
sion system for transport aircraft are batteries and fuel-cells. The characteristics of these
devices and their potential development are detailed in the following sections.

2.2.3.1 Battery

Batteries are expected to play a decisive role in advanced electric propulsion systems to
provide electric energy at a high efficiency. The evolution of specific energy and specific
power will determine the feasibility of a battery based electric propulsion system for com-
mercial air transportation. The specific energy and specific power of batteries are not inde-
pendent characteristics and will be determined during the battery design [44]. As a result,
the combined enhancement of the specific energy and the specific power turns out to be a
greater technological challenge than the single criterion optimization. Additional aspects such
as specific energy density, efficiency, deterioration behaviour over time, life-cycle, operating
temperature, discharge behaviour, safety, reliability and environmental sustainability need
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also to be considered when selecting the battery technology [45]. Lithium battery technology
is regarded as the most promising option for aircraft application. State-of-the-art lithium
battery offers specific energy of circa 200 Wh/kg at cell-level [46]. In terms of power capab-
ility, specific power of around 2000 W /kg can be delivered [46]. Scaling up lithium battery
technology in view of application in aircraft propulsion system is challenging due to the high
power and high energy requirements. Extensive research activities are expended to develop
the performance of batteries. The efforts focus mainly on improving the electrodes charac-
teristics, notably by working on material properties and morphology, as well as enhancing
the electrolyte properties [45, 47]. Specific energy of around 400 Wh/kg is predicted to be
achieved at cell-level through future progress in lithium battery technology [48].

Through combinatorial association of potential advanced cathode and anode materials, achiev-
ing specific energy at cell-level in the range of 1000 Wh/kg to 1500 Wh/kg was declared
feasible by Kuhn et al. [16][49] in the mid- to long-term. Future breakthrough in battery
technology might also be achieved by re-thinking entirely the battery concept as indicated by
the development of open battery systems like zinc-air, aluminium-air and lithium-air [47, 50].
Lithium-air battery demonstrates the highest theoretical specific energy with a estimated
value of 1000 Wh/kg at cell-level [48, 51]. However, significant technological progress needs
to be achieved to overcome the associated challenges and to mature the technology for in-
dustrial application. Long term strategy establishes a market readiness for a horizon of year
2030 [52].

The achievement of required voltage and current output levels is obtained by connecting the
battery cell in series and in parallel into a so-called battery pack [42]. Additional weight
for the housing and wiring of the battery cells into the battery pack needs to be taken into
account for integration at aircraft level. The gravimetric specific values at system level are
consequently reduced compared to the values quoted at cell-level. Theoretical analysis indic-
ating housing and wiring weights accounting up to 30% of the battery pack can be found in
[48].

Batteries are considered as a means to provide electrical energy and power for hybrid-electric
system. The high efficiency level of a battery is the main advantage for its utilization. How-
ever, as the gravimetric specific energy of advanced batteries is expected to remain eight
times lower than fossil fuel based on complete system exergy analysis [53], the integration of
a battery system at aircraft level results in large detrimental weight sizing cascading effects
which degrade the vehicular efficiency. The integrated performance implications of batteries
as an electrical energy and power device for the propulsion of transport aircraft are thoroughly
investigated in Chapter 5.

2.2.3.2 Fuel-Cells

Fuel-cells are electrochemical devices that convert the chemical energy contained in fuels into
electrical energy. The different types of fuel-cells are categorized by the chemical reactions
occurring at the anode and the cathode as well as by the type of electrolyte. The fuel-cells
considered for aircraft application are the commercially available proton exchange membrane
powered by hydrogen and the under development solid oxide fuel-cells. When supplied by
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hydrogen, fuel-cells do not emit any carbon dioxide as the product of the chemical reaction
is only water and heat, making fuel-cells applications to aircraft propulsion attractive for
the achievement of the aviation goals introduced in Section 1. The required output power is
reached by assembling the fuel-cells into a stack [54]. The suitable operational conditions for
fuel-cells are provided by auxiliary systems referred to as the balance of plant. According to
different sources compiled by Gradwohl [55], the balance of plant results in an 75% increase
of the fuel-cells stack mass for state-of-the-art technology [56] while for advanced fuel-cells
it could represent 50% of the fuel-cells stack mass [57]. The main disadvantage of fuel-cells
is the relatively low specific power. As summarized by Gradwohl [55], the specific power
for state-of-the-art fuel-cells related to continuous power is 1.24 kW /kg at stack level and
0.71 kW /kg at system level [55]. According to technological projection of advanced fuel-cells,
specific power related to continuous power is estimated to reach 1.5 kW /kg at stack level
and 1.0 kW /kg at system level [57]. In terms of efficiency, advanced fuel-cells are projected
to exhibit an efficiency of 55% at system level [16]. However in addition to the low power
density of fuel-cells stack, the challenges of integrating fuel-cells in aircraft propulsion system
lays in the operations with hydrogen as a fuel. The safety issues related to the utilization
of hydrogen, the detrimental integration impact of hydrogen tanks at aircraft level and the
infrastructural complexity to supply hydrogen to airport remain as drawbacks. Consequently,
the unique utilization of fuel-cells to provide the propulsive power requirement of transport
aircraft is viewed as challenging [58].

2.3 Enabling Technologies for Hybrid-Electric Propulsion Sys-
tem

Technologies considered as key enablers for the deployment of electric drives to the propul-
sion system of transport aircraft are discussed in this section. It follows the argumentation
published by Pornet [15]. The application of superconductivity to electric propulsion sys-
tem is first reviewed in Section 2.3.1 followed by a discussion about distributed propulsion
technology in Section 2.3.2.

2.3.1 Superconducting Technology

In view of the large electrical power requirement for propulsion system, superconductivity
is seen as an enabling technology for electric drive application [8, 24, 59]. Superconducting
materials exhibit a theoretical absence of electrical resistance when operated below critical
temperature [60]. The utilization of HTS materials enables to improve gravimetric specific
power and efficiency of the electrical components which explains the interest of implement-
ing HTS technology in aircraft propulsion systems. The most common application of HTS
materials at this point in time is for electric motors [5, 7, 59] and for the transmission cables
[6, 22]. Malkin and Pagonis [61] debated also the development need of fully superconducting
network (including the fault management, protection and switching implications). For HTS
material, the critical temperature lies between 60 K and 77 K [62]. Operation at cryogenic
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temperatures requires consequently a cooling system which typically features either cryo-
genic stored liquid hydrogen or nitrogen used as coolant [59] or a cryocooler [6, 38]. The
operation at cryogenic temperature leads to many challenges related to the application of
superconducting technology to transport aircraft. Besides handling safety related issues [63],
the negative integration impacts of the cryogenic tank on aircraft design [64] and the infra-
structural modifications required to supply the liquid hydrogen to the operated airports are
issues that remain challenging [65, 66]. Implementing superconducting technology at aircraft
level will result from a trade between performance, efficiency and system weight as well as
complexity, reliability and maintenance.

2.3.2 Distributed Propulsion and Boundary Layer Ingestion Technology

The nature of the electric energy which can be easily distributed among different consumers
makes distributed propulsion and boundary layer ingestion (BLI) [67, 68] key technologies
for hybrid-electric aircraft. The level of aero-structural benefits through tightly coupled
integration of the propulsive device with the airframe gained by distributed propulsion [69—
76] and by BLI technology [23, 37, 77-81] will be decisive to leverage the drawbacks associated
with electric propulsion systems.

2.4 Hybrid-Electric Technology Application to Aircraft Propul-

sion

The development of hybrid-electric aircraft has already started in the domain of the gen-
eral aviation and it concerns mostly one to two-seater aircraft in the experimental category.
A growing interest of leading industrial players towards hybrid-electric propulsion techno-
logy is evident with initiatives supported notably by Airbus and Siemens [82]. Application
of hybrid-electric propulsion to general aviation enable to gain experimental data on key
electrical component characteristics and system behaviour, to mature the technology and
to learn about scaling potentiality. Hybrid-electric propulsion technology will evolve with
respect to the maturation and the development of electric technology towards application
for commuter, regional and narrow-body transport aircraft [69]. The pace at which the in-
tegration of hybrid-electric technology will occur, depends on the rhythm of technological
improvement and breakthrough as well as the scaling pattern of the electrical components.
The evolution of the electrical component technology will determine the feasibility of hybrid-
electric propulsion system to transport aircraft application.

The introduction of hybrid-electric technology has dramatically opened the design space in
aircraft design due notably to the expansion of combinatorial possibilities at system and at
aircraft level which is expected to change the contemporary aircraft design paradigm [69].
Hybrid-electric technology is still in its pioneering age. On the one hand, knowledge about
electric components technology for propulsion application and scaling laws need to be further
gained. On the other hand the methodological approaches, modelling capabilities, program
analysis and tools to scrutinize the design space, to perform the trade studies and to define
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optimum integrated system configurations are still yet to be developed. An added complexity
to the application of hybrid-electric technology is the possible synergistic implications in com-
bination to other technology like distributed propulsion through greater integrated airframe
and propulsion system interface and other aircraft systems like the secondary power system.
The lack of methods and the highly interlaced complex context help to explain that up to this
date only a few assessments of advanced aircraft concepts employing hybrid-electric propul-
sion technology have been published. When reviewing the compendium of hybrid-electric
transport aircraft concept published by Pornet [14] hybrid-electric aircraft concept utilizing
battery-fuel system either in serial or parallel topology were proposed with the NXG-50 [83]
and the Sugar-Volt [25]. Turboelectric distributed approach were investigating on a blended
wing body (BWB) configuration with the BW-11 [77] and the N3-X [23] concepts. No clear
evidence can be drawn in view of defining the optimum hybrid-electric system architecture,
optimum integration at aircraft level or optimum aircraft configuration. It reinforces the
need for the development of methodology and framework for hybrid-electric aircraft analysis
to assess the full potential of this technology.
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Chapter 3

Methods for Sizing and Performance
of Hybrid-Electric Aircraft

The conceptual design methods developed for sizing and performance of hybrid-electric air-
craft are presented in this chapter. This construct relies on traditional methods employed for
the design of conventional kerosene fuel-based aircraft. To fully understand the departure of
the developed methods, the conventional methods are reviewed first in Section 3.1. Conven-
tional design methods for sizing and performance analysis of fuel-based aircraft are offered in
many textbooks [84-91]. The objective of this chapter is therefore not to provide a complete
description of the traditional methods but rather to emphasize on the characteristics which
lay the foundation for the design methods of hybrid-electric aircraft. The extension of the
methods for sizing and performance analysis of hybrid-electric aircraft are then presented in
Section 3.2.

3.1 Traditional Sizing and Performance Methods

Sizing is the process of finding a constrained balance between size, thrust and energy re-
quirements of an aircraft under the objective of fulfilling all its transport tasks specified in
the aircraft top-level requirements (ATLRS) and of the compliance with the airworthiness
regulations. Further definitions of the aircraft sizing process can be found in the compendium
proposed by Nam [92]. At least two main categories of requirements can be itemized for the
sizing and performance of an aircraft:

o performance constraint requirements which relate the thrust to the size of the aircraft

in order to fulfil point performance requirements,

e mission performance requirements which relate the amount of energy to the size of the
aircraft in order to transport a design payload along a specified design mission.

A third category of requirements deals with operating economics objectives to offer a com-
petitive product to the market. As highlighted in Chapter 1, further requirements of future
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Figure 3.1: Traditional sizing and performance process according to Mattingly [90]

aircraft products will need to respect environmental regulations expressing, for instance, lim-
itations in terms of emissions.

An illustration of the traditional sizing and performance process proposed by Mattingly et al.
[90] is represented in Figure 3.1. Referring to this figure, the conventional methods will be
described in the following. It is worthwhile noting that the two aforementioned itemized cat-
egories are represented in Mattingly’s design process under the titles “constraints analysis”
and “mission analysis”. As indicated in Figure 3.1, the aircraft performance assessment relies
on the determination of aircraft aerodynamic quality, propulsion characteristics and weight
properties. The representation of these disciplines in conceptual design is discussed in the
following paragraphs.

3.1.1 Geometric Properties

From an initial cloud of concepts, the most promising candidate, named in Figure 3.1 the “no-
tional concept” or often refer to as the “baseline”, is selected following a qualitative and/or a
semi-quantitative downselection process. An initial estimation of the geometrical properties
of the main components such as the fuselage, the wing, the empennage, the propulsion system
and the landing gears is the first step in the process. The detailed geometrical description of
each component and their arrangement serve as inputs for the methods used to estimate the
aerodynamic and weight characteristics of the concept. Initial geometric data are generally
based on known aircraft referred as reference aircraft.

In the context of the hybrid-electric aircraft concepts investigated in Section 5, traditional
geometrical descriptions of aircraft components were utilized. For the parallel hybrid propul-
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sion systems investigated in Section 5.3 and in Section 5.4, the integration of the electric
motor was assumed not to change the geometrical properties of a conventional turbofan
nacelle. Generic geometric properties of a short-duct fan cowling were applied for the in-
tegration of the electrical fans in the case of the partial parallel hybrid system assessed in
Section 5.5. Classical geometrical constraints were set such as the minimum engine ground
clearance which affects the design of the landing gear for under-wing mounted engines.

The outer mould-line of the fuselage was kept identical to the reference aircraft. Since the
electro-chemical sources being stored within the cargo area, the cargo volume was set as a
new geometrical constraint for the storage of the energy system as discussed in Section 5.1.
The electric components of the PMAD were assumed to be contained within the fuselage and
the wing volume.

3.1.2 Aerodynamic Properties

The drag polar determines the total drag of an aircraft according to a given flight state and
operating lift condition. An accurate prediction of the drag polar is essential to determine
the aerodynamic quality of the aircraft and its performance. As illustrated in Figure 3.1, it is
typically characterized by the operating coefficient of lift (Cf,) versus the coefficient of drag
(Cp) curve. A decomposition of the total drag can be elaborated in profile drag, lift-induced
drag, interference drag, wave drag and trim drag. In conceptual design, component build-up
functions are commonly used for the calculation of the profile drag [86, 87]. Simplified lifting
line theory is generally implemented for the calculation of the lift-induced drag contribution.
The wave drag computation can be determined using methods developed by Gur et al. [93].
Interference drag is generally determined according to the arrangement of the components
(86, 87].

The integration of the hybrid-electric propulsion system evaluated in Chapter 5 does not
rely on tight aero-airframe couplings nor on BLI technology. The traditional “thrust-drag”
bookkeeping is consequently kept for aircraft performance evaluations. Besides the traditional
components sizing effects on the aircraft drag computation, the integration of hybrid-electric
propulsion system at aircraft level implies capturing incremental profile drag including nacelle
profile drag of additional electrical fans. According to conventional aerodynamic methods
[86, 87], the nacelle drag contribution of the electrical fans was added by component build-up
functions to the drag of the overall propulsion system.

3.1.3 Propulsion System Properties

In traditional performance programs, the propulsion system properties are interfaced using
multi-dimensional tables comprising the thrust and the fuel flow characteristics as shown in
Figure 3.1. The thrust tables determine the maximal thrust available at a given flight state
defined by the International Standard Atmosphere deviation (AISA), the Altitude (Alt) and
the Mach number (M). They are established with respect to the different engine ratings
typically maximum take-off rating (MTO), maximum climb rating (MCL), maximum cruise
rating (MCR) and maximum continuous rating (MCO). The fuel flow table determines the
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fuel consumption of the engine according to the flight state AISA, Alt, M and the thrust
(T'). A single fuel flow table covering the complete flight envelope is implemented and is used
for each segment of a mission. The traditional method restricts consequently the powerplant
integration to propulsion system based on fuel only. It is an example of a limitation that needs
to be levered in order to assess hybrid-electric propulsion systems which rely on electricity as
an additional energy source. The thrust and energy characteristics of hybrid-electric propul-
sion system need consequently to be captured according to the properties of the conventional
turbomachinery and the electrical components composing the propulsion chain. This is in
the focus of the methods developed in Section 3.2.3.

The thrust tables and the fuel flow table of conventional propulsion systems are generally
created in expert modules using, for example, gas turbine simulation software, such as the
Numerical Propulsion System Simulation (NPSS) [94], the GasTurb performance software
(GasTurb) [95] and the PRopulsion Object Oriented SImulation Software (PROOSIS) [96],
or, by using simplified analytical methods as summarized by Nita [97]. A rubberised engine
model is generally implemented in conceptual design phase for purposes of sizing. In con-
crete terms, this modelling approach assumes that the thrust lapse behaviour and the fuel
flow characteristics remain unchanged with respect to the size of the engine in a given thrust
or power range.

3.1.4 Weight and Balance Properties

The weight and balance properties of an aircraft include the determination of its mass, centre
of gravity and inertia. In conceptual design, the mass of aircraft components is typically es-
timated using semi-empirical and empirical equations based on regression models built on
historical data of existing aircraft as indicated in Figure 3.1. These methods are found in
classical aircraft design text books [84, 86, 87, 98] and are very efficient to quickly invest-
igate small to modest departure from the seed aircraft used to build the regression models.
According to the estimated weight and with respect to the geometrical properties of the com-
ponents and their spatial arrangement the centre of gravity and inertia of the aircraft can be
determined.

Weight modelling of electrical components for propulsion chain is not available in traditional
aircraft environment. The mass of each electrical components composing the electric propul-
sion system needs consequently to be calculated and interfaced at aircraft level. Methods for
estimating the mass of the electrical components are detailed in Section 3.2.3. At aircraft
level, the mass of the electrical components is mapped to the overall propulsion system mass
using weight component build-up methods. The spatial allocation of the electrical compon-
ents and systems affects the computation of the aircraft centre of gravity and inertia.

3.1.5 Aircraft Performance Analysis

Knowledge of the aerodynamics, propulsion system and weight properties of the aircraft en-
ables the resolution of flight mechanical equations for aircraft performance analysis. The
“constraints analysis” consists of point performance computations to assess the fulfilment
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of performance requirements. The outcome of the performance constraints analysis determ-
ines a design that best fulfills a given sets of performance requirements emanating from the
airworthiness regulations and from the ATLRS. In the conceptual design phase, the main
criteria analysed for low-speed performance are the take-off and landing field length as well
as the regulatory climb gradients (second segment climb, approach climb and landing climb).
For high-speed performance, the residual rate-of-climb at top-of-climb (usually 300 fpm resid-
ual specific excess power) and at en-route cruise condition (usually 100 fpm residual specific
excess power), the drift-down performance during climb or cruise in the event of an engine
failure as well as the 1.3 g buffet onset limitation are considered. In addition, the aircraft flight
envelope is defined by investigating the different flight performance limitations such as stall
limitation, ceilings and maximum speed operation limitation as for instance the dive speed
(VD)/dive Mach number (MD), the maximum operating speed (VMO)/maximum operating
Mach number (MMO), the flaps extended speed (VFE) and the landing gear operating speed
(VLO)/landing gear extended speed (VLE). In conceptual design the plot of thrust loading
versus wing loading represented in Figure 3.1 is of great interest as it enables to establish
the design space by drawing the constraints emanating from the performance requirements
according to combinations of thrust and wing loading. At a given flight state and for a given
weight and drag, the performance constraints analysis relies on the mapping of the avail-
able thrust. The methods to interface the thrust characteristics of hybrid-electric propulsion
system are established in Section 3.2.4.1. The analysis of the performance constraints of
hybrid-electric aircraft are discussed in Section 3.2.5.

The item named “mission analysis” consists of evaluating the integrated performance of an air-
craft along set of specified missions. It determines the evolution of the aircraft weight during
the different segments of the mission according to the propulsion system characteristics and
the resulting fuel consumption. The main result of the mission analysis is the total fuel weight
required to perform the aircraft missions. The assessment of hybrid-electric aircraft requires
the mapping of the electrical energy consumption during the mission analysis. The methods
to interface the energy characteristics of hybrid-electric propulsion system are developed in
Section 3.2.4.3. The mission analysis is discussed in Section 3.2.5. The design mission enables
sizing the aircraft according to the stage length and the design payload defined for a given
flight technique in the ATLRS according to the process detailed in the following paragraph.
The analysis of the off-design mission performance enable notably the construction of the
payload-range diagram which describes the working capacity of the aircraft.

3.1.6 Aircraft Sizing Process

According to an initial maximum take-off weight (MTOW), wing-loading (MTOW/S,.y)
and power-to-MTOW (P/MTOW) (or thrust-to-MTOW (T/MTOW)), the sea-level static
thrust or power of the conventional system Pgpg and the wing reference area (Syey) are de-
termined. Concerning the Pgpg and with respect to the design and off-design performance
and efficiency characteristics of the combustion engine, the thrust tables and the fuel flow
table are generated for different engine ratings. Depending on the wing reference area Sy,
the sizing strategies of the aircraft components and with respect to the implemented scaling
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laws and semi-empirical equations the weight of the aircraft components is determined. Ac-
cording to the size of the aircraft, the drag polar characteristics of the aircraft are computed.
Knowing the aerodynamic efficiency, the aircraft weight and the propulsion system charac-
teristics, the mission performance and the point performance requirements are analysed. The
mission analysis module determines the total fuel mass required to fulfil the design mission.
If the total fuel mass is higher than the first estimated fuel mass, the MTOW is increased
by iteration. If the performance constraints are not fulfilled, the aircraft sizing paramet-
ers namely P/MTOW and MTOW/S,.; are adjusted through iteration. Once the mission
performance requirement and the performance constraints are fulfilled, the aircraft is finally
sized for its transport task.

The consideration of hybrid-electric propulsion system disrupts the traditional sizing pro-
cess. In particular, the introduction of an additional electric propulsion chain requires the
establishment of new design variables to determine the power and energy split between the
conventional and the electrical system as described in Section 3.2.1. The total fuel mass is
currently the single energy-based constraint assessed in the traditional methods. An addi-
tional energy constraint needs to be established in the aircraft sizing process to take into
account the electrical energy available and in order to size subsequently the electric energy
and power devices as discussed in Section 3.2.6. Moreover the presence of electrical compon-
ents constituting to the propulsion requires the development of components sizing methods
and principles as established in Section 3.2.7.

3.2 Methods for Sizing and Performance of Hybrid-Electric
Aircraft

The traditional methods presented in the previous section are adequate for the sizing of
conventional transport aircraft. Proprietary or commercially available aircraft performance
programs or design environments such as the FLight Optimization System (FLOPS) [99], the
Aircraft Performance Program (APP) [100], the aircraft analysis tool Piano (Piano) [101]
and the PACELab Aircraft Preliminary Design (PACELab APD) [102] rely on these conven-
tional methods. However, the integration of novel propulsion systems such as hybrid-electric
propulsion system disrupts the conventional sizing and integrated performance analysis pro-
cess. The methods need to be extended to capture the specifics of the nature of hybrid-electric
propulsion system within the aircraft sizing and performance environment.

Due to the integration of an electrical system contributing to the propulsion, new system
design parameters come into place. The design variables specific to the sizing of hybrid-
electric propulsion systems need to be identified and implemented within the sizing process
of the aircraft. The design parameters for the sizing of hybrid-electric aircraft are defined
in Section 3.2.1. In the traditional design environment electrical system components are not
available. The characteristics of the electrical system components need consequently to be
modelled and interfaced to the aircraft sizing environment. The electrical propulsion com-
ponents characteristics are described at system level in Section 3.2.3. The mapping of the
components and the integration within the design environment are discussed in Section 3.2.4.
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Besides weight and volume of the systems, the design and off-design thrust characteristics
within the operational envelop are of importance for integrated performance analysis. The
modelling of the thrust capabilities of hybrid-electric propulsion systems is described in Sec-
tion 3.2.4.1.

Another challenge to consider for the integration of hybrid-electric propulsion systems in
traditional performance programs is the mapping of the electric energy within the integrated
mission performance computation. As indicated previously, the traditional methods present
a limitation as the fuel flow table can only take into account fuel flow characteristics. The
method proposed to extend the implementation of the propulsion system properties in order
to interface the electric energy is discussed in Section 3.2.4.3. In addition, the presence of
multiple energy and power systems which contribute each to the propulsion of the aircraft
requires the establishment of power management strategies. Power sharing strategies enable
managing the energy pathways between different sources of the hybrid-electric propulsion
system. As only one common fuel flow table is implemented to represent the characteristics
of the propulsion system for the complete mission, the establishment of power management
strategies according to the different operational settings of the hybrid-electric propulsion sys-
tem cannot be considered within the traditional approach. The extension of the method
to determine the energy characteristics of hybrid-electric propulsion system are discussed in
Section 3.2.4.3. The interfacing of the hybrid-electric propulsion characteristics in terms of
thrust and energy requirement with the flight performance module is described in Section
3.2.5.

The sizing characteristics of electric components are elaborated in Section 3.2.6 and the over-
all sizing process of hybrid-electric aircraft is described in Section 3.2.7. According to the
physical behaviour of the components constituting the hybrid-electric propulsion architecture,
the new constraints emanating from the specificities of hybrid-electric propulsion system are
highlighted in the sizing process.

Finally, metrics for vehicular efficiency assessment have to be introduced as the consumption
of electric energy needs to be taken into account in the total energy evaluation of the aircraft.
New figures-of-merit for the evaluation of vehicular efficiency and for the establishment of
optimum flight techniques of hybrid-electric aircraft are derived in Chapter 4.

Beyond the state-of-the-art in traditional conceptual design methods, several pre-design meth-
ods for the sizing of hybrid-energy aircraft have been published to this date. A review of
the published literature which contributed to the development of pre-sizing methods for
hybrid-electric aircraft can be found in Perullo and Mavris [12]. These methods rely mainly
on first-order equations for the modelling of the aircraft and the propulsion system. The
method is based on linear scaling laws assuming constant gravimetric and constant efficiency
values irrespective of scale and operational conditions. As the result these methods cannot
account for detailed secondary effects such as the interactions between the operations of the
electrical system and the conventional propulsion system; for instance, the efficiency change
of the gas-turbine forced to operate into part power due to the concurrent utilization of an
electric motor in a parallel topology. The aim of this chapter is the development of conceptual
design methods which resolve the identified shortcomings of the contemporary methods and
which offer higher fidelity modelling than pre-design methods through the use of efficiency
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Figure 3.2: Synthesis procedure for hybrid-electric aircraft. Adapted from Pornet et al. [27].

and performance maps as well as physics-based models to determine the behaviour of the
hybrid-electric propulsion system components. However, due to the utilization of legacy pro-
grams in industry, the methods are developed with the constraint of being implemented in a
traditional sizing and performance program environment. The synthesis of the methods de-
veloped, adapted from Pornet et al. [27], is illustrated in Figure 3.2. It represents graphically
the introduced design parameters for the design of hybrid-electric aircraft, the characteristics
of the hybrid-electric propulsion components and subsequent integration within the aircraft
sizing environment, the process for the integrated performance analysis as well as the itera-
tion scheme for the sizing of hybrid-electric aircraft.

Figure 3.2 will be described in the subsequent sections to present in detail the overall hybrid-
electric aircraft design and sizing procedure. The procedure is applicable to each of the hybrid
topologies discussed in Section 2.1. In the case of a partial parallel hybrid system, a more
practical procedure can be represented. This approach followed for the integrated perform-
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ance evaluation of a partial parallel hybrid system in Chapter 5 is represented in Figure A.1.
The application of the methods will be exemplified on a serial, parallel and partial parallel
hybrid system topology. In order to illustrate the parameters that will be used in the de-
scription of the methods, a lay-out of these topologies is represented in Figure 3.3, Figure 3.4
and Figure 3.5 respectively.
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Figure 3.5: Partial parallel hybrid propulsion system

3.2.1 Design Variables

The design variables for hybrid-electric propulsion system need to be established within the
sizing process. It was demonstrated that the parametric description of a dual energy propul-
sion system requires the establishment of two fundamental algebraic parameters namely
the degree-of-hybridization for power (Hp) and the degree-of-hybridization for energy (Hp)
[13, 103]. The parameter Hp describes the amount of electric power relative to the over-
all total power. Commonly, the installed power or the useful power (power measured at
the propulsive device) is quoted. The convention chosen herein is to denote the degree-
of-hybridization for power referring to the useful power with the parameter Hpys.. The
degree-of-hybridization for power is a new design variable in the sizing process as it determ-
ines according to the overall power requirement, the sizing power of the electrical power
system. The design parameter Hp and Hp,s are consequently represented in Figure 3.2
and in Figure A.1 respectively. The methods for sizing the hybrid-electric propulsion system
according to Hp are described in Section 3.2.6.

The parameter Hg is the ratio of electrical energy consumed over the total energy; it char-
acterizes the so-called energy split. The quantity Hg is evaluated along a specified segment
or mission. The parameter Hppocr refers, for instance, to the block mission. For a given
hybrid-electric propulsion system architecture, Hg is the outcome of the sizing as well as
the energy and power management strategy defined for the hybrid system along a selected
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mission.

Hp and Hg will be used to draw design charts while investigating the design space of hybrid-
electric aircraft concepts as illustrated in Chapter 5. Different cases can be considered to
exemplify the value bounds of these parameters. A conventional kerosene-based gas-turbine
propulsion system is characterized by an Hp and an Hg equal to zero. A pure serial hybrid-
electric architecture where only electric power is provided at the propulsive devices but the
energy storage is solely kerosene based is described by an Hp equals to 1 and Hg equals to 0.
Finally an universally electric aircraft where the energy storage is batteries only is denoted
by an Hp of 1 and an Hg of 1.

3.2.2 Methods for System Integration at Aircraft Level

The approach selected for the integration at aircraft level of the component and system is
based on the utilization of multidimensional tables which represent the main physical charac-
teristics of the model. A multidimensional table consists of a matrix of dimensions [ x ¢. The
dimension c¢ is given by the sum of the number of inputs n and the number outputs m. The
outputs are computed through full-factorization of the inputs values. The [ dimension of the
matrix is obtained by multiplying the vector length by the n input. These multidimensional
tables are typically generated by engineering expert modules outside of the aircraft design
environment and often given the moniker “map” or “deck”. The inputs and outputs are selec-
ted such that the characteristics and physical behaviours of the system are properly modelled
and interfaced at aircraft level. Within the aircraft environment the values of the output
parameters are calculated using interpolation techniques. The determination of the input
vector dimensions and the use of appropriate interpolation methods to capture the sensitiv-
ity of the system at aircraft level rely on engineering judgement. This interfacing technique
was selected as it is already part of the legacy aircraft programs notably to determine the
propulsion system characteristics. This technique has to be seen as a solution to interface the
systems. It does not have any implications in the way the process for sizing of hybrid-electric
aircraft is established. Other techniques can be entertained, such as, using co-simulation by
linking the expert modules directly to the aircraft sizing and environment. Another avenue
is the implementation of dynamic-link libraries which represents an executable of the expert
modules interfaced within the aircraft platform. The selection of the interfacing methods
depends upon the integration flexibility of the aircraft environment to enable the couplings
as well as the extent of computational effort.

3.2.3 Methods for Propulsion Components Integration

The components and the topological combinations considered in the layout of hybrid-electric
propulsion systems for transport aircraft application were established in Section 2.1. The
quality of the assessment at aircraft level relies on the capability of capturing the component
physical behaviour and scaling sensitivity. The objective of this section is consequently to de-
scribe the methods to interface the components characteristics at aircraft level. As illustrated
in Figure 1.1, modelling of component characteristics is performed in external engineering
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modules. They are referenced in the following sections for readers interested in knowing the
details of the physics implemented in these models.

3.2.3.1 Methods for Turbofan Integration

The layout of hybrid-electric propulsion systems relies on conventional powerplants. For com-
mercial transport aircraft, the most commonly used powerplant system is the turbofan. The
relevant design parameters as well as the design and off-design performance of turbofans can
be determined by using gas-turbine performance programs. In this thesis, advanced geared
turbofan models were produced using the commercial software GasTurb [95]. The geared
turbofans were sized at top-of-climb (TOC) under the conditions IS4, flight level (FL) 350
and M 0.78 at a MCL rating. In the context of integrated aircraft assessment presented in
Chapter 5, a projected year entry-into-service (YEIS) of 2035 was considered. Cycle tem-
perature and compression levels, component efficiencies as well as duct pressure losses reflect
consequently the technology settings for the YEIS 2035. For consideration of turbine cooling,
component efficiency and size impact, typical design laws were applied [104, 105]. Zero power
off-take and zero bleed were assumed for flow path sizing due to the implementation of an
all-electric non-propulsive power systems as discussed in Section 5.2.2. Off-design simulation
was based on GasTurb [95] standard component maps. With respect to Hpyse, the turbofans
are sized for varying levels of design thrust as illustrated in Figure A.1. Consequently, for
more detailed modelling of the influence of the engine size on the thrust lapse and fuel flow
characteristics, the sensitivity against the design thrust was considered.
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A “design deck” was created to interface the main design parameters of the conventional
powerplant at aircraft level with respect to the design thrust of the turbofan (Tyesrr) and
the design fan pressure ratio of the turbofan (FPRges7r). The evolution of the fan dia-
meter of the turbofan (Dpgn 1r) against Tges 7 and FPRges 7 is drawn in the contour plot
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in Figure 3.6. The weight of the engines was predicted according to geometric component
dimensions and performance parameters based on conceptual design methods developed by
Seitz et al. [104]. Figure 3.7 represents the evolution of the total propulsion system weight
(including the nacelle weight) versus the Tyes 7p for a geared turbofan sized at a F'PRges 1r
of 1.41. The nacelle reference diameter and length, illustrated in Figure 3.7, were estimated
based on a typical slenderness ratio of a generic turbofan nacelle.

For each of the engines, the maximum thrust and fuel flow characteristics were provided in
form of multi-dimensional tables in order to interface the conventional powerplant character-
istics at aircraft level. In the approach adopted, the thrust and fuel flow tables are a function
of the design thrust. The integration of these tables within the aircraft sizing environment is
illustrated in Figure A.1. The maximum thrust characteristics at MCL rating are illustrated
in Figure 3.8 for a geared turbofan sized at a Tye, 7r of 21 kN. The design at ISA, FL 350,
M 0.78 conditions and at a MCL thrust setting yielded to a thrust specific fuel consumption
(T'SFC) of 13.24 g/kN/s for the engine designed at a Ty, 77 of 35 kN, and, of 13.30 g/kN/s
for the engine designed at a Tjy.s 7F of 15 kN. This demonstrates the relatively small scale
effect on the engine efficiency. The T'SF'C characteristics of the geared turbofan models
are represented in Figure 3.9 at cruise condition ISA+10°C, FL 350 and M0.76 against the
thrust setting for each design thrust. It can be observed that the scale effect has also a
small influence on the T'SF'C' characteristics. The so-called T'SF'C bucket extends in these
models from around 70% to 100% of the maximum thrust. This characteristic is important
as it determines the efficiency evolution of the geared turbofan in part load operation during
cruise. Within the bucket, the geared turbofan runs close to its maximal efficiency under the
given flight conditions.
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3.2.3.2 Methods for Propulsive Device Integration

The relevant design parameters of the propulsive device can be determined by using gas-
turbine performance software. The characteristics of the propulsive device implemented in
this thesis are discussed based on a zero-dimensional performance model of a ducted fan
developed by Steiner et al. [106]. The model relies on classical gas dynamic theory and
standard compressor theory. Based on this model, a design deck of the propulsive device
was created to determine the main design parameters with respect to the design thrust of
the propulsive device (Ty4es,pp) and the design fan pressure ratio of the propulsive device
(FPRges,pp). The flow path sizing was performed at TOC design conditions ISA, FL 350,
M 0.78. According to the design thrust and the F'PRg.s pp, the geometry of the propulsive
device is generated. The evolution of fan diameter of the propulsive device (Dpgn,pp) is
represented as a contour plot in Figure 3.10.
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For the integration of a ducted propulsive device, the nacelle reference length and diameter
are determined and interfaced with the geometric module of the aircraft environment. These
parameters can be determined by correlations developed in [107, 108] or by using scaling
methods of a known reference nacelle geometry. For sake of consistency the correlations used
for the sizing of the short-duct fan cowling of the turbofan were also implemented for the sizing
of the ducted-fan nacelle geometrical properties. The nacelle geometrical reference parameters
are represented in Figure 3.11 versus Ty.s pp. The geometry of the ducted propulsive device
is also interfaced at aircraft level with drag component build-up functions to determine profile
drag generated by the nacelle. Based upon the geometrical properties of the propulsor and
nacelle, the weight of the system can be predicted using weight correlations as published in
[107, 109], or, on conceptual design methods as developed by Seitz et al. [104] which were
used for the prediction of the ducted fan weight as represented in Figure 3.11.

Besides geometrical dimensions and weight modelling, the determination of the design and off-
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design performance characteristics of the propulsive device are of importance for integration
at aircraft level. A standard component map of the fan was incorporated from GasTurb
[95] for performance calculations. At a given flight state according to the conditions AISA,
Alt and M, the available thrust 7', the shaft power required (Pspqf:) and the efficiency of
the propulsive device, npp, need to be interfaced at aircraft level. Pgpqy; is related to the
efficiency of the propulsive device (npp) according to Equation 3.1. The determination of
npp implies the evaluation of the propulsive and transmission efficiencies of the propulsive
device [104]. The transmission efficiency is composed of the fan polytropic efficiency, as well
as the intake, ducting and nozzle losses [106].

Pshaft = Mo (3.1)

npPD

The maximum thrust characteristics and the required shaft power are illustrated in Figure
3.12 for a ducted-fan model sized at ISA, FL 350 and M 0.78, for a design thrust of 10 kN
and a fan design pressure ratio of 1.41 [31]. The thrust level is controlled by the variation
of the relative corrected speed of the propulsive device (N, pp). Per definition, Ny¢ pp
is equal to 1.0 at the design point. At a given flight state and F'PRg.s pp, the thrust level
decreases when reducing N,.; pp. The variation of thrust according to IV, pp is representing
for varying altitude in Figure 3.13 for M 0.78 and for varying Mach number in Figure 3.14 at
FL 350. The setting of N, pp is a function of the power available at the shaft of the ducted
fan Pgpqp¢. In other words, the level of thrust achievable depends upon the amount of power
delivered at the shaft of the ducted fan. If not enough shaft power is delivered at the shaft
by the power system, the relative speed of the fan is decreased in order to match the shaft
power requirement according to the off-design power characteristics of the ducted fan model.
As a result of the reduction in NV, pp, the available thrust decreases. These characteristics
are determining for the sizing of the electric motor as discussed in Section 3.2.6.2 and applied
in Section 5.5. The propulsive device characteristics are mapped at aircraft level with the
parameters AISA, Alt, M, Tdes,PDv FPRdes,pD and Nrel,PD as inputs, and, T, PShaft and
npp as outputs. This map interfaces the performance characteristics of the propulsive device
to the aircraft sizing and performance environment as illustrated in Figure 3.2.

3.2.3.3 Methods for Combustion Engine Integration

The layout of hybrid-electric propulsion system for transport aircraft commonly combines an
electrical system with a conventional system driven by a combustion engine installed either
in a serial or in a parallel arrangement as discussed in Section 2.1. The geometry, weight
and performance characteristics of a combustion engine need consequently to be modelled.
For transport aircraft application, a ducted gas-turbine is most likely to be implemented. A
geometrical description of turbo-engine components based upon the parametrisation of the
engine flow path can be modelled according to methods developed by Seitz [110]. For the
prediction of component weights, semi-empirical methods are based upon the geometrical
description as described in [110]. For the mapping of the performance characteristics of
the combustion engine, the development of the required maps is discussed in the following
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based on a generic model of a turboshaft. This model was implemented in the context of
the integrated aircraft performance assessment of a parallel system in Section 5.3. The fuel
consumption characteristics of the turbo-engine are directly coupled with the efficiency of
the combustion engine (ncg). As expressed in Equation 3.2, the fuel flow (F'F) is directly
related to the ncg via the shaft power of the combustion engine (Pog) and the fuel heating
value (FHV).

FPop

FF = FHV -nom (3.2)
As illustrated in Figure 3.2, two performance maps were generated, the power map and
the efficiency map. The performance modelling requires determining the maximum power
available which can be produced at a given flight state (AIS A, Alt, M). The maximum power
of the combustion engine (Pcg mas) is a function of the intrinsic power lapse characteristic
of the engine according to AISA, Alt and M. For purpose of sizing, a rubberised engine
modelling approach can be followed by normalizing Pc g mas With a reference power typically
chosen as the sea-level maximum static power (Psrg) as discussed in Section 3.1.3. The
normalised power map of the implemented turboshaft model is represented in Figure 3.15
at ISA condition versus the altitude and the Mach number. By normalizing the map, the
assumption is made that within a given power range, the power lapse characteristics remain
invariant with the engine size. When sizing the engine (varying Psrgs), different levels of
power can be achieved in order to match the power requirement of the propulsive device to
produce the required thrust.
The thermal efficiency characteristics of the implemented turboshaft model are illustrated
against the relative torque and the relative power turbine spool speed. In view of interfacing
the fuel consumption characteristics at aircraft level, the nog is mapped as a function of the
flight state AISA, Alt, M, the relative corrected speed of the combustion engine (Nye ck)
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and Pgp with the efficiency map. It is integrated within the aircraft design environment as
shown in Figure 3.2. Following the rubberised engine modelling approach, by normalizing
Pop with a reference power, the efficiency characteristics of the engine are assumed to be
independent of the engine size in a given power range.

3.2.3.4 Methods for Electric Motor Integration

In contrast to air-breathing machines, the performance of an electric motor is independent
of the flight state. The characteristics of an electric motor can be represented in a torque
and speed diagram (for a given direct current voltage value) as illustrated in Figure 3.17 [38].
The operational envelope is drawn according to three limitations: the maximum torque lim-
itation being represented by the region I; the maximum power and the maximum rotational
speed limitations indicated by the region II. These boundaries depend upon the technology
of the machine and the design point selected. Methods for the calculation of the geometrical
characteristics of the electric motor can be elaborated based on the electric motor compon-
ents design as detailed by Vratny et al. [38]. Based upon the geometric properties of the
components, the total weight of the electric motor is calculated using component build-up
methods.

Efficiency

Voltage

I 1 1
Mop:  Mpesign  Rotational Speed Moy

Figure 3.17: Generic design and efficiency chart of a conventional electric motor from [38].

The design and off-design power of an electric motor can be mapped at aircraft level ac-
cording to the relative torque of the electric motor (Cye gar) and the relative speed of the
electric motor (Ny¢; par) measured against the design point. With Ce par and Ny g the
power of the electric motor (Pgps) is defined. Thermal limitations are considered using a
thermal model to determine the achievable performance of the machine within the operat-
ing environment. The efficiency contours of a conventional electric motor are represented
in the torque and speed diagram in Figure 3.17. Considering the different losses occurring
within an electric motor namely the copper losses, iron losses, aerolic and frictions losses of
the rotor, the efficiency of the electric motor (ngas) can be mapped out for each operational
point [38]. The efficiency and power characteristics of the electric motor can be consequently
interfaced at aircraft level using a multidimensional table with C,.¢; par and Ny gas as inputs
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and as outputs Pgyr and ngys. The interfacing of the electric motor performance using a
performance map is represented in Figure 3.2.

In the framework of this thesis, HT'S technology was assumed for the electric motor design.
Simplified pre-design methods were implemented for the modelling of the electric motor. First
order estimate of the weight and volume of the HT'S motor were evaluated using linear scaling
laws based on gravimetric and volumetric specific power values as discussed in Section 2.2.1.
The sizing criterion of the electric motor was based on the power requirement at the se-
lected design point. The matching of the electric motor with the propulsive device relies
consequently on the power characteristics only. The torque and speed limitations were not
considered in the design of the electric motor. Under the premise that the thermal environ-
mental conditions of the electric motor are correctly managed by the cooling system, it was
assumed that the maximum power of the electric motor (Pgas maz) is available at each point
of the aircraft flight envelope. Pgasmaq. drives consequently the thrust performance of the
ducted fan according to the fan shaft power requirement as discussed in Section 3.2.3.2. The
power requirement to maintain the HTS material below critical temperature were assessed
based on relations established by Vratny et al. [38].

In the applications investigated in Chapter 5, the HT'S electric motor is operated constantly
or close to Peprmaz- The off-design efficiency characteristic of an HT'S electric motor presen-
ted in [60] and [38] indicates that the efficiency of an HTS electric motor remains nearly
constant in a range of rated part power from 5% to 100% and rated torque from 20% to
100% [104]. Hence, the efficiency of the HT'S motor was assumed constant for all its opera-
tions. Appropriate values of electric motor efficiencies were taken from Section 2.2.1. This
simplification is, however, only suitable for electric motors based on HT'S technology.

3.2.3.5 Methods for Power Management and Distribution System Integration

In conceptual design, weight, volume and efficiency of the PMAD components are the most
relevant parameters for the integration at aircraft level. These characteristics need to be
established for each component constituting the PMAD system.

In this thesis, first order estimations of weight and volume were implemented based on linear
scaling according to gravimetric and volumetric specific power. According to the layout of
the PMAD and its sizing power-criterion, the total weight of the PMAD system is obtained
by summing up the weight of each of its components. The efficiency of the PMAD compon-
ents was assumed constant during the operations. The overall efficiency of the PMAD was
determined by the product of each components efficiency. The efficiency of the power man-
agement and distribution system (npaap) is mapped in the design environment according
to power required at the PMAD (Ppasap) as indicated in Figure 3.2.

With the availability of physics-based models of the PMAD components, the fidelity of the
components modelling can be improved. For instance, off-design efficiency characteristics
with respect to power variation can be interfaced at aircraft level. This is notably demon-
strated by the physics-based models of an inverter and a controller developed by Vratny
et al. [38] which enable to map the efficiency of these components within the required power
range of the electric motor. More accurate weight predictions can be also achieved with the
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development of component weight methods based on the number of switches constituting the
inverter and controller [38].

3.2.3.6 Methods for Electric Energy and Power Device Integration

The methods for the integration of electric and energy power device (EEPD) in the aircraft
sizing and performance process are discussed in the following. In view of determining the
energy requirement, the efficiency characteristics of the EEPD need to be modelled according
to the evolution of the electric power requirement at the EEPD, Pg... In addition, the
maximal power which can be delivered by the EEPD is of importance to size the system with
respect to the maximal power requirement occurring within the operating flight envelope.
As represented in Figure 3.2, the EEPD performance are interfaced according to Pgie. as
input and with the efficiency of the electrical energy and power device (nggppp) and the
maximum power of the electrical energy and power device (PEEPD, maz) as outputs. Referring
to Section 2.2.3, battery and fuel cell systems are considered as electric energy and power
device in the layout of hybrid-electric propulsion system for transport aircraft. The modelling
characteristics of the battery and fuel cell in view of generating these interfaces are described
in Section 3.2.3.6.1 and in Section 3.2.3.6.2 respectively.

3.2.3.6.1 Methods for Battery System Integration The capability to deliver the en-
ergy and power requirement is related to the sizing of the battery system. The determination
of PEEpD,maz Tequires the description of the battery system sizing approach. By sizing the
battery system, the total battery mass required to fulfil the energy and power requirements
at aircraft level is determined according to the battery characteristics. In the following, the
fundamental characteristics involved in battery system sizing are established first by assum-
ing a constant efficiency of the battery system (npq:). In view of considering a variable npgg:
in the sizing of the battery system, a more sophisticated scheme using a physics-based model
of a battery is then discussed. The latter approach is implemented in this thesis for the
integrated evaluation of hybrid-electric propulsion systems.

The battery gravimetric specific energy at system level (epat, syst) and the battery gravimet-
ric specific power at system level (ppat,syst) are the key parameters in conceptual design for
the sizing of the battery mass. According to the energy and power requirements at aircraft
level, either the specific energy or the specific power is the sizing criterion for the battery
mass. Assuming that the power profile of the electric power required at the battery sys-
tem characterized by the parameter, Pgje., is known, the total battery mass required is the
maximum of the battery mass obtained either by the energy requirement criterion or by the
power requirement criterion as formulated in Equation 3.3.

MBattery = max(mBattery energys M Battery power) (3'3)

where mpattery energy denotes the mass of the battery sized according to the energy require-
ment and M Battery power characterizes the mass of the battery sized according to the power
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requirement.

Adapted from Vratny et al. [111] the sizing of the battery mass according to the electrical
energy requirement is expressed in Equation 3.4 assuming a constant npq:. By integrating
Pgiec over time, the total electrical energy required by the battery system is determined. As
Pgjec is the electric power required by the battery system, this parameter does not include
the efficiency of the battery itself. Consequently, npq: is considered in Equation 3.4 in order
to compute the electrical energy supply. The amount of energy available in a battery is char-
acterized by the battery state-of-charge (SOC). The SOC expresses the amount of energy
available in percent of the total energy. To protect the battery from irremediable damage, the
battery must not be discharged below a certain limit. The SOC limit is taken into account
in Equation 3.4 with the term SOCy;pt.

1 tend
mp . / Priec(t) - dt 3.4
attery energy TIBat * €Bat,Syst * (1 - SOClzmzt) tinitial 60( ) ( )

The maximal power required along the mission profile can turn out to be the criterion for
sizing of the battery system mass. In particular, the high power requirement during takeoff
or climb can represent the sizing case for the battery mass for transport aircraft sized for
short design mission range [10]. The power which can be delivered by a battery is a function
of the ppat,syst- As a result, delivering a certain power level requires the installation of a
given total battery mass, as formulated in Equation 3.5. In other terms, according to the
total battery mass and ppat,syst, Equation 3.5 determines PEepp maz-

max(Pg;
M Battery power = ( L eC)* (35)
"|Bat * PBat,Syst

Assuming a constant npgg is suitable in conceptual design phase [111]. However, in order to
enhance the level of fidelity of the battery modelling, the sensitivity of 1np. was modelled
in this thesis based upon a physics-based battery model developed by Vratny et al. [111].
Considering the evolution of np4: for a given power demand and SOC implies the evaluation
of the voltage level and electric current. The input required by the battery model is the
power profile which determines the electric power required Pgie. to be delivered by the battery
system. According to the required electrical power and the battery SOC, the available output
voltage at required discharge rate is calculated using the discharge characteristics of the
battery cell [111]. With respect to the discharge rate fulfilling the power requirements, the
battery SOC is calculated at each time step. In this way, the battery SOC at the end of the
mission is determined. As indicated in Figure 3.2, if the SOC of the battery calculated at
the end of the mission for an initial battery mass is below the SOCj;,,;:, the battery mass
is increased iteratively until the SOC constraint is met. The battery mass sized at aircraft
level according to the energy requirements is consequently determined by iteration. The
description of the iterative sizing loop is detailed in Section 3.2.7.

The sizing power criterion of the battery is evaluated with Equation 3.5 according to the
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efficiency value of the battery calculated by the physics-based battery model. The battery
mass interfaced with the aircraft model is finally determined by Equation 3.3. According to
the sizing of the battery system, the integration of the physics-based battery model enables
determining PEepp maez and nggpp with respect to Pgie.

3.2.3.6.2 Methods for Fuel Cells Integration The integration of a fuel cell as an
energy and power device in hybrid-electric propulsion systems require the determination of
the maximum power of the fuel cell system (Ppc mae) and the efficiency of the fuel cell sys-
tem (npc) according to the electrical power requirement Pgje.. A first order approximation
based upon an invariant efficiency value, gravimetric and volumetric specific power as high-
lighted in Section 2.2.3.2 can be used in first instance. Higher fidelity representation of the
characteristics of the fuel-cells can be achieved with the integration of physics-based models.
The mapping of nrpc can be established for instance on the basis of an analytical model of a
fuel cell system developed by Gradwohl [55] according to the work published by Haji [112].
Considering the different types of losses namely the activation losses, the ohmic losses and
the concentration losses, the voltage characteristics of a fuel cell is modelled according to the
level of current [55]. As a result, the efficiency of the fuel cell is computed according to the
amount of losses. In addition, the efficiency of the balance of plant is taken into account to
establish the overall efficiency of the fuel cell system [55]. The output power of the fuel cell is
calculated as the product of the current and the voltage. According to this analytical model,
a multi-dimensional table can be produced with the electrical power required at the fuel cell
system as input Pgie. and the efficiency of the fuel cell system as output npco. According to
nrc, the fuel flow of the fuel cell (F'Fp¢) required to provide the electric power during the
mission is computed with Equation 3.6.

Flpo = T]F:EIZ?HV (3.6)
The maximal electrical power produced by the fuel cell system during the mission or within
the flight envelope sets the fuel cell maximum power requirement Prc ez as shown in Equa-
tion 3.7.

max(Ppgec)

PFC,maa: - (37)

nrc
Prc maz determines the number of cells composing the fuel cell stack [55]. The weight of
the fuel cell can be calculated according to methods developed by Gradwohl [55] considering
the number of cells and the additional estimated mass resulting from the components of the
balance of plant. The coupling of a physics-based model of a fuel cell enables the computation
of PEEPD,max and ngppp according to Pgie. to interface the fuel cell performance with the
aircraft environment as indicated in Figure 3.2.
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3.2.4 Methods for Propulsion System Integration

In the previous section, the component models constituting the hybrid-electric propulsion
system were considered independent of each other. According to a given hybrid-electric topo-
logy, the component characteristics need to be linked together to interface the performance
of the propulsion system to the aircraft design environment. The calculation of the max-
imum thrust available and the determination of the energy consumed during the mission are
the main aspects that the methods have to address as detailed in Section 3.2.4.1 and Section
3.2.4.3 respectively. The methods are described for the serial, parallel and and partial parallel
hybrid topologies.

3.2.4.1 Thrust Characteristics

The determination of the maximum available thrust is the focus of the mathematical relations
developed in the following paragraphs. According to the characteristics of the hybrid-electric
propulsion system, the maximum thrust is computed at each flight state (AISA, Alt and
M) for the different ratings MTO, MCL, MCR and MCO. The commonality with a tradi-
tional sizing and performance program is provided by the utilization of an identical thrust
table format with AISA, Alt and M as inputs and T;,,; as output. This table enables the
interfacing of the propulsion system thrust characteristics with the flight performance mod-
ule as illustrated in Figure 3.2. The calculation of the maximum thrust for parallel, serial
and partial parallel hybrid-electric propulsion system is detailed in Section 3.2.4.1.1, Section
3.2.4.1.2 and Section 3.2.4.1.3 respectively.

3.2.4.1.1 Parallel Hybrid System The equations provided for the parallel system were
published by Pornet et al. [27]. The formulation of the mathematical relations is based upon
the generic parallel propulsion system illustrated in Figure 3.4. For a hybrid-electric parallel
system, the maximum thrust is determined by the sum of the maximum shaft power delivered
by the conventional system (Pspq ft,Conv,maz) and the maximum shaft power delivered by the
electrical system (Pspqft, Elec,maz) @vailable at the shaft of the propulsive device at each flight
state as established in Equation 3.8,

PShaft,Conv,max + PShaft,E'lec,max
M-a

Tmax ="nNpPD " (38)

where npp is computed according to the propulsive device performance map described in
Section 3.2.3.2.  Pspaft,Conv,mae 15 determined by Equation 3.9. The power lever of the
combustion engine (PLcg) determines the power setting of the combustion engine according
to the maximum power available, Pog maz as expressed in Equation 3.10. PLc is introduced
in the equation in view of conducting energy management strategy to adapt the utilization
of the combustion engine according to the segment of the mission. In addition, the power
off-take at the combustion engine (Pog offtake) is taken into account in the determination of
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Pspartt,convmaz- PoE,maz is obtained according to the performance map of the combustion
engine as established in Section 3.2.3.3.

PShaft,Conv,ma:(} = PLCE : PCE,maJ: - PCEOfftake (39)
P
PLop = —CF (3.10)
PCE,max

Pshatt,Elec,maz is determined with Equation 3.11 by the limiting power between the power of
the electrical motor Prys and the Pegppp mas delivered at the shaft of the electrical motor.
In this equation the efficiency chain determined by ngas times the nparap is considered. In
addition, the electrical power off-take (Pgiec,0fftake) is taken into account. The maximal
power output of the electric energy and power device is set by a controller. The regulation of
the controller can be expressed in terms of a power lever of the electrical energy and power
device (PLggpp).

Pshaft,Elec;maz = Min(Pear,npamap - Nem - (PLEEPD - PEEPD max — PElec,0f ftake)) (3-11)

Prar is determined in Equation 3.12 according to the power lever of the electric motor
(PLgny) and Pgamaz- P maz 1s calculated according to the power map of the electric
motor as described in Section 3.2.3.4.

Py = PLiy - PEM maz (3.12)

nenm is determined according to the performance map of the electric motor as detailed in
Section 3.2.3.4. npyrap is calculated according to the layout of the PMAD system as high-
lighted in Section 3.2.3.5. The maximum power available at the electrical energy and power
device is determined in the case of a battery system according to the maximum power of
the battery system (Ppatmaz) Which can be established by the terms expressed in Equation
3.5. For a hybrid-electric propulsion system equipped with fuel cells, the maximum power of
the fuel cell system Prc mq, is determined according to the number of cells as discussed in
Section 3.2.3.6.2.

3.2.4.1.2 Serial Hybrid System The mathematical relations for the determination of
the maximum thrust of a serial hybrid-electric propulsion system are formulated in this
paragraph. They are based upon a generic serial hybrid-electric propulsion system illustrated
in Figure 3.3. In contrast to a parallel system, the maximum thrust of a serial system depends
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besides npp and the true airspeed only on the maximum shaft power delivered by the electrical
system Pspq ft, Elec,mar @S expressed in Equation 3.13.

. PShaft,Elec,max

e (3.13)

Tma:v =1NPD

The maximum power of the electrical system is determined in Equation 3.14. It is expressed
according to the power of the electric motor as established in Equation 3.12 and the amount
of electrical power delivered at the shaft of the electric motor which is a function of the
maximum power of the generator (Pg,maz), PEEPDmaz 804 PElec.0f ftake-

PShaft,Elec,max = min(PEMv

npMAD - MEM - (Pamaz — PElec,0f ftake + PLEEPD - PEEPD,maz)) (3.14)

Pg mas is formulated in Equation 3.15. It is a function of the power delivered by the combus-
tion engine according to Pog maz, the power setting PLog, Pop,offtake and the efficiency
of the generator (ng). ng is calculated according to the efficiency map as discussed for the
electric motor in Section 3.2.3.4.

PG,max = (PLCE ’ PCE,maa: - PC’E,Offtake) /e (315)

3.2.4.1.3 Partial Parallel Hybrid System In a partial parallel hybrid system as il-
lustrated in Figure 2.3, the maximum thrust available is consequently obtained according to
Equation 3.16.

T __ NPDcony PShafuConv,maJ: + NPDgiee * PShaft,Elec,ma:v

- 3.16

where npp,,,., and npp,,.. characterize the efficiency of the propulsive device of the combined
conventional and electrical system respectively. The Pspqft,Conv,mar and the Pspgft Elecmaz
are calculated similarly as in parallel system as highlighted in Equation 3.9 and Equation
3.11 respectively.

3.2.4.2 Summary of Thrust Characteristics

In view of summarizing the determination of thrust characteristics of hybrid-electric propul-
sion systems, a table recapitulating the calculation of the maximum thrust is presented in
Table 3.1 according to the hybrid-electric propulsion system topologies considered.
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Topology Equations for the computation of T4z Equation
P P
Parallel Tmaz = npp - Shaft,Conv,mazx + Shaft,Elec,max (38)
M-a
Serial T = npD - PShaft,Elec,maz (3 13)
max M -a .

Partial Trnax = (3.16)
parallel NPDcony * PShaft,Conv,max + NPDgee * PShaft,Elec,maz

M-a
Topology Equations for the computation of Pspq ft.conv,maz Equation
SeriaL PShaft,Com),mam = PLC’E : PCE,max - PCEOfftak:e (39)
Parallel,
Partial
parallel
Topology Equations for the computation of Pspqtt Eiec,maz Equation
Parallel, Pshaft,Blec,maz = min(Pey, npymap - ey - (PLEEPD - (3.11)
Partial PEEPD,ma;t - PElec,Offtake))
parallel
Serial Pshatt,Elec;maz = min(Pear, nparap - mem - (Pamaz — (3.14)

Pgiec.o0f ftake + PLEEPD - PEEPD max))

Table 3.1: Summary of maximum thrust computation for hybrid-electric propulsion system

3.2.4.3 Energy Characteristics

Dealing with several energy sources in hybrid-electric propulsion systems requires the defin-
ition of energy management strategies. The energy consumption characteristics need con-
sequently to be mapped within the aircraft sizing and performance environment. In the
context of hybrid-electric aircraft, the fuel power and the electric power required at the en-
ergy source, Pgje., need to be determined at each given flight state (AIS A, Alt, M) according
to the thrust level T. To provide commonality with traditional performance analysis pro-
grams, the same format as the fuel flow table is selected with the flight state AISA, Alt
and M and the current engine net thrust 7" as inputs and the F'F' as output. In addition,
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Pgiec is added as a second output parameter. This table which contains the F'F' and Pgjec
as outputs enables to determine the energy consumption of the aircraft and is consequently
renamed the energy table. The energy management strategies are inherently contained in the
energy table. In contrast to the use of a single fuel flow table covering the overall operating
flight envelope, the methods are extended to enable the creation of an energy table for each
of the mission segments. This implementation enables different operational settings of the
hybrid-electric propulsion system according to the flight phases. As a result, energy tables
are created for takeoff, climb and cruise. For takeoff and climb, the tables are calculated with
the operational settings utilized for the computation of the thrust table ratings MTO and
MCL. Moreover if different energy management strategies are envisaged for the reserves and
contingency, energy tables for the loiter and the diversion can be created. A consequence of
this implementation approach is the fact that the management of the energy can be optimized
only with respect to each mission segment. High-level optimizers can be used to control the
parametrization of the energy table calculation and to determine the energy management by
segment. However this method precludes point-to-point optimization during a mission. A
more generalized approach for energy management optimization is proposed by [12].

The flight performance module, which will be detailed in Section 3.2.5, selects the thrust table
and the energy table with respect to the segment of the mission flown. Pgj. is computed
in the performance analysis module to determine the electrical power profile required at the
EEPD and to determine the energy consumed by integration of the power over time. It is
important to emphasize that Pgi.. represents the power output which needs to be delivered
by the EEPD. This electrical power does not take into account yet the efficiency of the elec-
trical energy source device itself. The reason is that the efficiency evolution of the electrical
energy source device is not known at this stage as it is for instance in the case of battery
a function of the power required and the SOC. It depends consequently of the integrated
mission computation. The efficiency of the electrical energy source device is computed along
the mission profile by the performance analysis module according to the battery model (see
Section 3.2.5 and Section 3.2.7). In the following, the computation of the F'F' and the Ppge.
is exemplified for a parallel, serial and partial parallel hybrid topology respectively.

3.2.4.3.1 Parallel Hybrid System According to the energy management strategies
elaborated for the different segments of the mission, the energy table is calculated with re-
spect to the power settings PLcg, PLiy and PLggpp. For a given flight state (AIS A, Alt,
M) the thrust is determined according to the propulsive device fan speed N,¢; pp as detailed
in Section 3.2.3.2. During cruise, the resulting required shaft power, Pgpq ¢, is obtained from
the propulsive device performance map as shown in Figure 3.2. Recalling Equation 3.11, if
the power of the EEPD considering the electrical power off-take is not limiting, the shaft
power required at the combustion engine is determined according to the electric motor power
as expressed in Equation 3.17.

Pog = Pspagt — PLEM - PEM max (3.17)
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During takeoff and climb the maximal thrust is provided according to the thrust ratings.
Rearranging Equation 3.10, the power of the combustion engine is given by Equation 3.18.

PCE = PLCE . PC’E,max (318)

The fuel power supply (Psuppiy,Fuet) is formulated in Equation 3.19 according to the effi-
ciency of the combustion engine nog. The efficiency nog is obtained from the efficiency map
described in Section 3.2.3.3.

Pep

PSupply,Fuel = (319)
Uled)

According to the fuel heating value FHV, the fuel flow of the combustion engine, first output
of the energy table, is calculated according to Equation 3.20.

PSu ly,Fuel
FF = —Suwrly.lucl 2
FHV (3.20)

The second output of the energy table, Pgie., is formulated in Equation 3.21.

PLgy - PEMm
Prglec = U+ Phiec.Of frake (3.21)
NPMAD * MEM

If the power of the EEPD turns to be limiting in Equation 3.11, the power of the combustion
engine is determined by Equation 3.22.

Pcg = Pshatt — (PLEEPD - PEEPD maz — PElec,0f ftake) - TPMAD * TEM (3.22)

In this case the Pgie. is formulated in Equation 3.23.

Pgiec = PLEEPD - PEEPD max (3.23)

3.2.4.3.2 Serial Hybrid System For a given flight state (AISA, Alt, M) and according
to a required thrust, the electric power required at the electric motor is determined according
to Equation 3.24.

T -M-a

Ppy=—"-+" (3.24)
npPD

The power delivered by the generator (Pg) is calculated as a function of Pgys and PEgpp max
according to Equation 3.25.

Pgy
Po=————PLgrpp - PEEPD max (3.25)
NPMAD * NEM

Pgjec is determined according to Equation 3.23.
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The power required at the combustion engine Pog is expressed in Equation 3.26 according to
Pg under the consideration of the electric power off-take at the generator Pgiecof ftake and
the power off-take at the combustion engine Pog offiake-

Pe + PElec,0f ftake
ylel

Peop = + PcE,0f ftake (3.26)
The fuel power supplied and the corresponding amount of fuel flow, first output of the energy
table, are determined according to Equation 3.19 and Equation 3.20 respectively.

For takeoff and climb, the energy table is computed according to the power lever settings
PLcgr and PLEEpp set for the creation of the respective thrust table. The power of the com-
bustion engine is calculated according to Equation 3.18. The resulting fuel flow is computed
with Equation 3.19 and Equation 3.20. Pge. is the result of Equation 3.23.

3.2.4.3.3 Partial Parallel Hybrid System In a partial parallel hybrid system, the
conventional and the electrical system are independently computed. The calculation of the
FF and of Pgje. formulated in Equation 3.27 and Equation 3.28 is a function of the shaft
power required at the conventional system (Pspqft,conv) and of the shaft power required at
the electrical system (Pshqft Eicc) Pshaft,Conv and Pspaft Elec are determined with respect
to the propulsive device model according to the flight state conditions (AISA, Alt, M) and
the thrust determined according to the propulsive device fan speed N, pp as discussed in
Section 3.2.3.2.

FF — PShaft,Conv

— 3.27
FHV -ncg ( )

P
PElec _ Shaft,Elec (328)

NPMAD " NEM
In the case of a partial parallel hybrid system, the energy management is directly an outcome
of the propulsion system sizing and more specifically of Hp. The methods for the sizing of
partial parallel hybrid system are described in Section 3.2.6. Two different energy manage-
ment strategies for an aircraft concept equipped with a partial parallel hybrid system are
investigated in Section 5.4.

3.2.4.4 Summary of Energy Characteristics

The mapping of the energy consumption within the aircraft design environment needed to
establish the energy characteristics of hybrid-electric propulsion system is summarized in
Table 3.2.
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Topology Equations for the computation of F'F Equation
1
Parallel FF=—"8#+—#¥——.: (PShaft — PLEM . PEM,ma:c) (3.19), (320)
FHV -nop and (3.17)
Serial FF ! (3.19), (3.20)
eria == -19), (5.20),
FHV -nos Py (3.25) and
(PElec’Offmke * imarnparan — DEEEPD - PEEPD mac + (3.26)
ne
Pop,offtake)

. _ PShaft,Conv
Partial FF = W (327)

parallel Ik
Topology Equations for the computation of Pgyje. Equation

PLgy - P
Parallel Pppe = ——2M ~ BMmaz PEiec,0f ftake (3.21)

NPMAD * MEM
Serial Pgiec = PLEEPD - PEEPD max (3.23)
P
Partial Pplee = ——2paftBlec (3.28)
parallel NPMAD " MEM

Table 3.2: Summary of energy characteristics calculation for hybrid-electric propulsion system

3.2.5 Methods for Flight Performance Analysis

Flight performance analysis requires the knowledge of the propulsion system performance
and efficiency characteristics. These properties are provided to the flight performance mod-
ule through the thrust and energy tables discussed in Section 3.2.4.1 and Section 3.2.4.3
respectively. Moreover, the aerodynamics and the weight properties of the aircraft need
to be interfaced with the flight performance module. The aerodynamic characteristics are
provided in terms of the drag polars computed at low- and high-speed conditions as well as
the lift curves. The determination of the aircraft weight properties results from component
mass build-up methods of the different aircraft systems. The propulsion total weight includes
the weight of the conventional and electrical propulsion system as discussed in Section 3.2.3.
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The flight performance analysis as represented in Figure 3.2 is composed of two modules, the
integrated mission performance module and the point performance module. The integrated
mission performance analysis consists of determining the amount of energy an aircraft must
carry on-board to accomplish its design mission. The calculation includes the energy require-
ment for the mission as well as for the reserves to comply with operational regulations. The
required thrust is computed by resolving the flight mechanics equations at each discretized
point of the mission segments according to the flight state AISA, Alt and M, the aircraft
gross-weight and the aerodynamic efficiency delivered by the drag polar. With respect to the
flight state and the computed thrust, the value of the F'F' is calculated by interpolating in
the energy table according to the rating corresponding to the segment of the mission. The
computation of the F'F is performed at each discretized point of the segment. The integration
of the F'F over time enables the computation of the fuel mass consumed and correspondingly
the change in aircraft gross-weight over time.

Concurrently, the electric power required to produce the thrust, Pgje., is interpolated in
the energy table at each discretized point of the segment according to the flight state. The
required electrical power Ppgje. is the input for the electric energy and power device model.
Pgjee defines the required electric power profile. In the case, of an electrical system powered
by fuel cells, the required F Frc is determined according to Pgje. and the computed fuel cell
efficiency nrc as formulated in Equation 3.6. The F Fr¢ is integrated over time to determine
the fuel mass consumed and the change in aircraft gross-weight along the mission. If the
EEPD is a battery system, the available output voltage at the required discharge rate is
calculated using the discharge curve of the battery model according to Pgje. and the SOC of
the battery as highlighted in Section 3.2.3.6.1. According to the discharge rate fulfilling the
power requirements, the SOC is calculated at each discretized point of the mission segment.
As a result, the SOC of the battery at the end of the mission can be determined. The know-
ledge of the battery SOC at the end of the mission enables the sizing of the battery mass
according to the energy requirement as described in Section 3.2.7. In addition, the maximal
electrical power occurring in the profile, max(Pgie.), is assessed in order to determine the
sizing criterion of the battery mass.

3.2.6 Methods for Hybrid-Electric Propulsion System Sizing

Freeman et al. [18] highlighted that the sizing of hybrid-electric propulsion system should pro-
ceed from the propulsive device back to the electric energy and power device. It is explained
by the fact that the sizing of the upstream components (close to the production of thrust)
influences the power required of all-downstream elements according to the efficiency value
chain. The same strategy is followed in this thesis for the sizing of the hybrid-electric propul-
sion systems. The sizing characteristics of the propulsive device and of the electric motor
vary according to the investigated hybrid-electric propulsion system topology. Consequently,
the sizing specificities are discussed with respect to the topologies investigated.
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3.2.6.1 Propulsive Device Sizing

The flow path sizing of the propulsive device is determined by the design point which occurs
typically for medium-to-large commercial transport aircraft at TOC conditions [104]. The
total thrust requirement at the design point is distributed among the number of propulsive
devices, Npp. The sizing Tyes pp is consequently obtained with Equation 3.29 with respect
to the total design thrust (Tges).

Tdes
Npp

Tes,pp = (3.29)

For a partial parallel hybrid system, the characteristics of the propulsive device driven by the
conventional and the electrical system have to be analysed independently. In the following,
the conventional propulsion system is denoted as the turbofan (TF). According to the total
design thrust requirement, Ty, and the specification of a level of Hpyge, the Tyes 7r and
the design thrust of the electrical fan (Tyes pr) are determined with Equation 3.30 and with
Equation 3.31 respectively.

Tdes : (1 - HPuse)

Tdes,rr = Nop (3.30)
Taes - H
Tges,pF = 7desNEFPuse (3.31)

Nrr and Ngp represent the installed number of turbofans and electric fans respectively.
The knowledge of the design thrust Ty.s 77 and Tyes pr enables the characterization of the
geometrical dimensions and weight properties of propulsion system as highlighted in Section
3.2.3.1 and in Section 3.2.3.2. As represented in Figure A.1, Ty., 7F enables the computation
of the thrust and fuel flow characteristics of the turbofans. Ty, pr is used in the performance
map of the propulsive device for the calculation of the thrust characteristics of the electric
fan.

3.2.6.2 Electric Motor Sizing

By recalling the description of a parallel system in Figure 3.4, the electric motor is mechan-
ically linked to the shaft of the gas-turbine. By specifying a level of Hp, the maximal power
of the electric motor is formulated in Equation 3.32,

Pgyimar = Hp - Psps (3.32)
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Hp is consequently a design parameter which can be optimized according to the selected
objective function. An integrated investigation of the implication of the level of Hp on
block fuel consumption is analysed in Section 5.3 for the retrofit of a narrow-body transport
aircraft equipped with a parallel hybrid-electric propulsion system. For a parallel hybrid-
electric propulsion system whose electrical motor is used to drive by itself the shaft of the
propulsive device during some segments of the mission profile, the electric motor can be sized
with Equation 3.32. However, a more practical sizing case is given by sizing the electric motor
according to the maximal shaft power required by the propulsive device during the selected
mission segment or at any other selected sizing point in the flight envelope. The level of Hp
becomes an outcome of the sizing process. This method was used for the sizing of a narrow-
body transport aircraft, presented in Section 5.4, which features a parallel hybrid-electric
system whose electric motor drives the shaft of the propulsive device during cruise only.
Considering a serial system, the electric motor drives the shaft of the propulsive device. As
the result, the electric motor is sized to meet the required aircraft performance within the
flight envelope. Recalling Equation 3.24, the electric motor power is sized for the maximal
power occurring within the flight envelope as defined in Equation 3.33.

TPD-M-CL

npPD ) (3.33)

PEM,max = max(

For a partial parallel hybrid system, the sizing depends on the shaft power characteristics of
the propulsive device. If the electric motor is sized according to the propulsor shaft power
required at TOC, the installed power of the electric motor limits the ducted fan performance
at lower altitude as the power demand of the ducted fan increases with decreasing altitude.
The evolution of the power requirement of a ducted-fan with varying altitude and Mach
number was represented for maximum thrust in Figure 3.12. As a result the fan speed is
reduced during take-off and climb limiting the available thrust. The decrease of the installed
thrust with reduction of the relative corrected fan speed N, pp was represented in Figure
3.13 for varying altitudes at M 0.78 and in Figure 3.14 for varying Mach number at a FL
350.

The sizing implications on the ducted fan off-design speed characteristics are represented
generically in Figure 3.18. It illustrates the variation of the normalized power load of the
electric motor PLgyr and Ny¢ pp throughout a given mission for an electric motor sized for
the shaft power requirement at TOC. From takeoff which starts at around 7 min and the end
of climb which finishes at around 30 min, the operations of the electric fan are limited by the
installed power of the electric motor. N,¢ pp is less than 1.0 while the electric motor runs
at its maximum installed power. During climb NV, pp increases as the required fan power
decreases with altitude to reach the value of 1.0 at TOC. In this example the design point of
the electric motor was set at FLL350 and M 0.78. The fact that the TOC and the cruise were
flown at M 0.75 the electric motor power requirement is slightly less than 1.0 at TOC and
during the cruise segment which has a duration of 125 min. During the descent phase, the
electric fan is not used which explains the zero values for PLgy; and N, pp. Beyond 150
min of the operation, the diversion is represented including the climb and cruise segment.
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Figure 3.18: Part-load power of the electric motor and relative corrected ducted fan speed versus
mission time

The diversion descent is performed without the electrical fan. As the diversion is flown at
a lower altitude than cruise, the required fan shaft power is larger than at the design TOC
point. The power of the electric motor limits consequently the performance of the electric
fan during diversion. As indicated in Figure 3.18, the electric motor runs at maximal power
while N, pp achieves a value around 0.76 during the diversion cruise segment.

From this analysis, it could be concluded that the electric motor should be sized at relevant
take-off conditions such that take-off and initial climb performance requirements are met.
But in fact, the critical sizing case of the electric motor depends on the level of Hpys.. At
low values of Hpyse, the turbofan still delivers a large proportion of the thrust at take-off.
Consequently, the sizing case for the electric motor is at TOC. According to Tyes £, npp and
the flight speed conditions at TOC, the electric motor power is sized according to Equation
3.34.

Tdes,EF "M -a

PEM,maa: = (334)

npPD

The available take-off thrust of the turbofan results from the sizing of the turbofan at TOC
according to Equation 3.30. It depends on the thrust lapse characteristics of the turbofan
and on the temperature limitation setting at take-off. The de-rating of the turbofan can
be adjusted to improve the life-cycle of the turbofan according to the electric fan maximal
thrust available at take-off. The available take-off thrust of the electric fan depends on the
installed electric motor according to the sizing resulting from Equation 3.34 and the thrust
lapse characteristics of the electric fan as shown for a generic ducted-fan in Figure 3.12.
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With growing levels of Hpyse, the role of the electric fan in providing the required thrust
during take-off and climb becomes more predominant. As a result the sizing of the electric
motor is constrained by take-off and climb performance such that the electrical fan delivers
the required thrust. Typically the take-off field length (TOFL), the climb gradient require-
ments as well as the time-to-climb become the sizing constraints. In order to minimize the
impact of the electrical system weight, the sizing of the electric motor is set as an optimization
scheme whose constraints are the take-off and climb performance requirements. The critical
sizing cases of an electric motor equipping a partial parallel hybrid-electric propulsion system
are discussed in the integrated performance analysis of a narrow-body aircraft featuring a
quad-fans arrangement in Section 5.5.

In this context, it is worthwhile highlighting that for a universally electric aircraft, the elec-
tric motor has to be sized for take-off conditions which results in a large propulsion system
weight [10]. This sizing criterion results in an oversized electric motor in cruise condition as
in contrast to a gas-turbine the electric motor maximal power remains invariant with flight
speed and altitude assuming it is suitably thermally managed. For a hybrid-electric aircraft,
according to the topology and the utilization of the hybrid-electric propulsion system, the
electric motor power does not have to be sized to the take-off power requirement diminishing
the impact of the electric motor sizing on the propulsion system weight.

According to Pgarmaz, the weight and volume of the electric motor are determined applying
scaling laws based on gravimetric and volumetric specific power or relying on physics-based
model as discussed in Section 3.2.3.4. The weight of the electric motor is interfaced with the
components weight build-up methods within the aircraft sizing environment for the compu-
tation of the overall propulsion system weight.

3.2.6.3 Power Management and Distribution System Sizing

The PMAD is sized according to the highest power requirement occurring in the electrical
system under consideration of abnormal modes. With respect to the power resulting from
the sizing case and the layout of the PMAD system, the weight and volume of the PMAD are
calculated according to the methods indicated in Section 3.2.3.5. The weight of the PMAD
is linked to the weight component build-up methods of the propulsion system. According to
the representation of the PMAD in Figure 3.4 and Figure 3.3, the sizing case for Pppap is
given by Equation 3.35.

PEM,mam

3.35
NEM ( )

Ppyap =

3.2.7 Methods for Sizing of Hybrid-Electric Aircraft

The overall procedure for the sizing of hybrid-electric aircraft illustrated in Figure 3.2 is
described in this paragraph. First of all, the transport tasks and the complete set of perform-
ance requirements to be achieved are stipulated in the ATLRS. For a transport aircraft, the
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design mission is determined by the two main following parameters: the design payload and
the design range. According to an initial estimated MTOW and with respect to initial val-
ues for the main sizing parameters of the aircraft namely MTOW/S,.; and Pioq1/MTOW ,
the total power required P and the wing reference area S,.; are determined. With the
specification of a degree of hybridization for power Hp, Pgrs and Pgasmas are computed so
that the total aircraft power requirement P, is fulfilled as detailed in Section 3.2.6.2.

As illustrated in Figure A.1, in case of a partial parallel hybrid-electric propulsion system,
instead of expressing the power-to-weight ratio Pjuq/MTOW, a more practical approach
is to specify the ratio of T/MTOW . Similarly, the total design thrust requirement 7.5 is
calculated according to an initial value of MTOW. With the formulation of a degree of hy-
bridization for useful power Hpys., the design thrust of the conventional system Ty., 77 and
of the electrical system Tg.s gr is computed as demonstrated in Section 3.2.6.1.

The sizing characteristics of the propulsive device were discussed for a serial, a parallel and
a partial parallel hybrid system in Section 3.2.6.1. The particularities of the electric motor
sizing were formulated in Section 3.2.6.2. The geometrical properties of the propulsion sys-
tem are linked to the drag component build-up functions to determine the complete drag
polar of the aircraft. The overall weight of the electrical propulsion system is determined by
summing up the weight of the electrical components. The electrical propulsion system weight
is mapped as an additional item to the propulsion weight of the aircraft.

According to the hybrid-electric propulsion system topology selected and with respect to the
design and off-design performance characteristics of the components, the thrust tables and
the energy tables are computed according to the different mission segment as detailed in
Section 3.2.4.1 and Section 3.2.4.3 respectively.

By interpolating within the energy table according to the flight state and the thrust, the F'F’
is calculated. The fuel mass required is calculated by integrating the F'F along the integrated
mission. Concurrently, the electric power required at the electric energy and power device,
Pgjee, is interpolated within the energy table. Ppge. serves as input for the sizing of the
electric energy and power device.

If a fuel cell system is implemented as electric energy and power device, the number of fuel
cells required is sized according to the maximum electric power occurring within the flight
envelope as highlighted in Section 3.2.3.6.2. According to Pgie., the efficiency of the fuel cell
system is evaluated based for instance on the physics-based model of a fuel cell as discussed
in Section 3.2.3.6.2. The determination of the fuel cell efficiency enables the computation of
the F'Frc according to Equation 3.6. By integrating the F'Fr¢ of the fuel cell over time, the
total fuel mass supply of the fuel cell system to provide the electric energy and power over
the mission is determined.

Utilizing batteries as an energy and power device, the total battery system mass required to
provide the electric energy and power has to be determined. According to the battery model,
the SOC is computed along the mission as detailed in Section 3.2.5. To protect the battery
from any damage and to prolong design service goal suitable for use in aerospace, the battery
must not be discharged below SOC);,;; typically set at 20%. This is represented generically
in Figure 3.19 for the mission power profile discussed in Figure 3.18.
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Figure 3.19: Battery SOC profile versus mission time

If the computed SOC at the end of the mission is below SOC);,:t, the installed battery mass
is increased by iteration. The SOCY;,;+ of the battery represents consequently an additional
constraint in the sizing of hybrid-electric aircraft compared to a fuel-based only aircraft. Even
if the energy required of a commercial transport aircraft is generally the sizing criterion for
the battery mass, the electrical power required might be the sizing constraint according to the
specific power of the battery and the operational utilization of the battery. Consequently, as
described in Section 3.2.3.6 both criteria must be verified for the sizing of the battery mass.
In addition, if the total fuel mass calculated is above the initial estimated fuel mass, the
fuel mass is increased by iteration. The iteration for the fuel mass and the battery mass
calculation needs to be both conducted until the convergence criteria are met.

The main aircraft sizing parameters namely MTOW/S,c; and Pjoq/MTOW are determ-
ined by iteration with respect to the analysis of the point performance constraints for low-
and high-speed performance. When the performance constraints and the integrated mission
performance are fulfilled, the aircraft is sized for its design transport task.

3.2.8 Summary of Hybrid-Electric Propulsion System Sizing Principles

The sizing principles of hybrid-electric propulsion system developed in Section 3.2.6 and
Section 3.2.7 are summarized in Table 3.3.
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Topology Equations for propulsive device sizing Equation
. _ Tdes
Parallel, Serial Tes,PD = (3.29)
Npp
Tges - (1 — H
Partial parallel — Tyesrp = —<° ( ¥ Puse) (3.30)
TF
Thes - H
Tes,EF = desN Puse (3.31)
EF
Topology Equations for electric motor sizing Equation
Parallel PeM maz = Hp - Psrs (3.32)
Tpp - M -
Serial Piatmas = max(—22—"%) (3.33)
npPD
H “Tges - M -
Partial parallel Pen maz = Puse ' 7 des @ (3.31) and
Topology Equation for PMAD sizing Equation
. o PEM,max
Serial, Parallel, Pppap = —>— (3.35)
Partial parallel neM
Equations for batteries sizing Equation
MBattery = max(mBattery energys M Battery power) (33)
M Battery energy = (34)
tend
Prlec(t) - dt
NIBat * €Bat,Syst * (1 - SOCllmzt) /tim'n‘az eC( )
max (P,
M Battery power = M (35)
TIBat * PBat,Syst
Equation for fuel-cells sizing Equation
max(Pg;
PFC’,maa: = M (37)
nrc

Table 3.3: Summary of sizing principles for hybrid-electric propulsion system
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Chapter 4

Methods for Flight Technique Op-
timization of Hybrid-Electric Aircraft

The establishment of figures-of-merit to evaluate the vehicular efficiency of an aircraft is
essential in conceptual design. Related to their instantaneous form, they are used for flight
technique optimization to determine optimum altitude-speed technique as a function of the
aircraft gross-weight, the aerodynamic efficiency and the overall propulsion system efficiency.
As an integrated form along a given mission, the metrics are used to assess the overall
efficiency of the vehicle to perform its transport task and to compare the vehicular efficiency
of different investigated concepts.

4.1 'Traditional Figure-of-Merits for Flight Technique Optim-
isation

Traditionally, the vehicular efficiency assessment of fuel-based aircraft is evaluated by the
specific air range (SAR) as indicated in Equation 4.1 [113]. It characterizes the distance
travelled per unit of fuel consumed.

M-a-L/D

SAR = Zere 7

(4.1)
where M is the Mach number, a is the sound velocity, W is the aircraft gross-weight, L/D is
the aerodynamic efficiency of the aircraft and T'SFC' is the thrust-specific fuel consumption
which characterizes the fuel flow per amount of thrust.

Optimizing an aircraft for maximum SAR results in minimizing its fuel consumption. The
speed which results in flying at maximum SAR is defined as the maximum range cruise
(MRC). Instead of MRC, commercial transport aircraft typically operate at long range cruise
(LRC) which is defined by the speed reached under the condition of 99% of maximum SAR.
Using the SAR as metric for flight technique optimization focuses only on fuel consumption.
However airlines are interested in minimizing their operating costs along given routes. The
cost of fuel is not the only factor contributing to the total operating cost of an aircraft. Fixed
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costs and time dependent costs need to be also taken into account. As the fixed costs are
independent of the speed-altitude characteristic, they are irrelevant for optimization purposes.
However, the time-related cost needs to be considered to determine the economical Mach
number for which the total cost is minimized. To operate their aircraft fleet for minimum
overall cost, the airlines base their operation on so-called cost index (CI) [114] which relates
the cost of time to the cost of fuel as highlighted in Equation 4.19.

o = Lime (4.2)
CFuel
with crime and cpye representing the specific cost of time and the specific cost of fuel respect-
ively. By computing the CI for different flight conditions and for varying aircraft gross-weight,
the optimum economical Mach number can be determined for used in the aircraft perform-
ance calculation. An example of the utilisation of the CI for evaluation of the optimum
economical Mach number is discussed in Section 5.3.4.

4.2 Figure-of-Merits for Flight Technique Optimisation of Hybrid-
Electric Aircraft

The mathematical construct of SAR is based on a mass-flow due to the term T'SFC in Equa-
tion 4.1. Its utilization is consequently limited to aircraft whose operations are based on a
fuel energy only (e.g. kerosene, diesel or hydrogen). With the consideration of electric energy,
the metric SAR becomes inadequate for the determination of optimum flight technique for
hybrid-electric aircraft. New figure-of-merits reflecting the specific characteristics of hybrid-
electric propulsion system need to be developed. The definition of optimum speeds needs to
be revisited according to the newly introduced metrics. Similarly, only the cost of fuel is con-
sidered in the mathematical expression of the CI described in Equation 4.19. Consequently,
the derivation of CI for hybrid-electric aircraft is necessary to cover the identification of op-
timum economical flight profile. The methods developed for optimum flight techniques of
hybrid-electric aircraft presented in this chapter were published by Pornet et al. [115].

A generalization of the SAR metric based on the energy consumed was proposed by Seitz
et al. [104]. The energy specific air range (ESAR) metric expressed in Equation 4.3 character-
izes the energetic vehicular efficiency. In concrete terms, it represents the distance travelled
for a given amount of energy.

M-a-L/D

ESAR = Zepe 7

(4.3)
with the term thrust specific power consumption (7'SPC') which relates the power of the
energy supplied to the thrust requirement [104]. For speed sensitivity analysis, the speed
at which maximum ESAR occurs was characterized as the maximum ESAR range cruise
(MERC) by Pornet et al. [115]. The long ESAR range cruise (LERC) was defined as the
speed at which 99% of the maximum ESAR occurs mirroring the definition of the LRC speed
[115]. Using ESAR, as a figure-of-merit for flight technique optimization results in minimum
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energy consumed during a mission. When an aircraft utilizes more than one energy source,
as for instance hybrid-electric aircraft, optimizing the flight profile according to SAR results
in an optimum in terms of fuel consumption, minimizing the COy emissions. Optimizing
with respect to ESAR results in a flight profile where the total energy (the combination of
fuel and electric energy) consumed is minimized for a given stage length. However, these
optima may not represent minimum energy cost due to the different prices of the energy
market prices. The cost specific air range (COSAR) metric is established in Section 4.3 as
a new figure-of-merit to optimize the flight profile of hybrid-energy aircraft for minimum
energy cost. Moreover as airlines base their fleet operations on CI for operational economics
optimization, CI formulations are derived in Section 4.4 to enable optimized flight profile
based on economics objective for hybrid-electric aircraft.

4.3 The Cost-Specific Air Range

For a single energy source aircraft, the optimization according to both SAR and ESAR leads
to minimum energy cost. However, when multiple energy sources with different market prices
are used simultaneously, this relation is not valid anymore. From this consideration, a figure-
of-merit related to the price of the energy sources involved in a hybrid-energy aircraft is more
appropriate for flight technique optimization. A new figure-of-merit, COSAR, is proposed.
Incorporating the specific cost of each energy source, ¢, COSAR is established as:

M-a-L/D

AR =

(4.4)

According to the definition COSAR determines the distance which can be travelled by an
aircraft per amount of energy cost. For hybrid-energy aircraft, TSPC can be expressed
according to Equation 4.5.

b
TSPC = —— =Y TSPC; (4.5)
Total i

The power P; represents the power extracted at the energy source. P;, is summed up for each
energy supply considered, which is equivalent to the summation of each respective T'SPC.
COSAR can be applied to any given combination of energy sources under the requirement
that the specific price of the energy is known. For the particular case of a hybrid-electric
aircraft using, for instance, fuel and battery as energy sources, the T'SPC' can be written as
in Equation 4.6.

Psupply, Fuel + Psupply,E1l
TSPC = uppyFu;T l upply.Elec _ TSPCSupply,Fuel + TSPCSuPPlnylec (46)
ota.
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with the electrical power supply (Psuppiy,Eiec) and (Psyppiy. Fuet), the fuel power supplied.
The fuel power provided by the combustion engine is equal to the F'F' multiplied by the fuel
heating value FHV'.

PS'upply,Fuel =FF-FHV (47)

M-a-L/D
(TSPCSupply,Fuel * CFuel + TSPCSupply,Elec ' CElec) -W

COSAR = (4.8)
where, cgje. is the specific cost of electricity. It is worthwhile highlighting the fact that if the
electricity price is negligible versus the fuel price, the COSAR speed-altitude optimum will
be equivalent to the one given by the SAR metric.

In order to relate COSAR to the design parameters introduced in Section 3.2.1, Hg can be
expressed as the ratio of the instantaneous electric power supply over the total instantaneous
power requirement at the energy sources as established in Equation 4.9.

o PSupply,Elec

Hp =
PSupply,Total

(4.9)

The COSAR figure-of-merit can be formulated as a function of Hg according to Equation
4.10.

M-a-L/D
COSAR = a-L/ (4.10)
W((l — HE) - cruel + HE - CElec) - W
By defining the combined cost of energy in Equation 4.11,
CEnergy = (1 - HE) “CFuel + HE - CRlec (4.11)
COSAR can finally be formulated as a function of ESAR according to Equation 4.12.
ESAR
COSAR = (4.12)
CEnergy

Due to the dependency of cgpergy on the flight condition, it is important to highlight that
Equation 4.12 does not represent a proportional relation between COSAR and ESAR. Using
COSAR as an objective function means optimizing the flight profile of hybrid-energy aircraft
according to the current market energy price for minimum energy cost. The speed which
maximizes COSAR was designated as the maximum COSAR range cruise (MCRC) while the
long COSAR range cruise (LCRC) was defined as the speed which fulfils the 99% maximum
COSAR condition [115] .



4.4 Operational Economics Optimization 59

4.4 Operational Economics Optimization

The interest of airlines lies in minimizing their cash operating cost. In addition to the energy
cost, fixed cost and time-related cost are relevant for operating cost optimization purposes.
The utilization of COSAR as objective function leads to minimize the cost of energy for a
given stage length. Thereafter, the time-related cost needs to be considered to determine the
optimum economical Mach number for which the total cost is minimized. The derivation of
the CI for hybrid-electric concepts is established in this paragraph.

A generalized cost function, C, can be expressed as in Equation 4.13.

C = Co + crime -t + CEnergy * ESupply,Total (413)

Cy denotes the fixed cost of the airlines which represents the cost independent of the trip
time. As a result, Cy does not play any role in the speed-altitude optimization problem. c¢rime
includes flight crew, cabin crew and time-dependant maintenance. The time of the mission is
represented by the variable t. The specific cost of energy cgpergy Was established in Equation
4.11. Egupply,Total is the total energy consumed. The possible influence on cpjy,e due to the
utilisation of unconventional propulsion system such as hybrid-electric is not considered in
the following formulations.

For the particular application of a hybrid-electric aircraft, the function is formulated in
Equation 4.14.

C= CO + Clime * t + CFuyel ESupply,Fuel + CElec ESupply,Elec (414)

In order to establish the cost per stage length, the cost function can be formulated as in
Equation 4.15 considering a given stage length, R, and a block speed, V.

C Co CTime PSupply,Fuel
= 5 + Chuel " —, ——

PSupply FElec
— 4.1
R R \%4 V (4.15)

Vv

+ CElec

Finally, according to the COSAR metric established in Equation 4.8, the cost function of a
hybrid-electric aircraft is defined as:
g _ @ CTime 1

R RV T COSAR (4.16)

The influence of the time-related cost on the optimum speed of a hybrid-electric aircraft
can be evaluated by analysing Equation 4.16. On one hand with increasing Mach number
the cost of time decreases for a given stage length. This leads to a cost economical Mach
number which tends to be higher than MCRC. However, this increase in optimum speed
is counteracted by the rise of COSAR at higher Mach number. On the other hand if the
specific cost of time is negligible against the specific cost of energy, the economical Mach
number coincides with MCRC.

In view of optimizing the flight profile of hybrid-electric aircraft with respect to the time-
related cost and the cost of energy, a cost-index metric is derived in the following. Differen-
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tiating Equation 4.13 with respect to the block time yields the cost increase per change in
time as defined in Equation 4.17.

dC dESupply,Fuel

d‘E Suppl Elel
y’

— = CT + C .
] ' me Fuel ] '

= 4.1
I 0 (4.17)

+ CElec

A local minimum leads to establish the condition of having Equation 4.17 equals to zero.

Rewriting Equation 4.17 as a function of the design parameter Hg in Equation 4.18 results
in the general definition of the CI for hybrid-electric aircraft in Equation 4.19.

dc

E = CTimeT

dEsupply, Total dHp
(cFuet - (1 — Hg) + cElec - HE) - %’Om + ESuppiy,Total = (CElec — CFuel) - T (4.18)
. E . — . ddgp dE
CI — CTime + Supply,Total (CElec CFuel) b _ Supply,Total (4 19)
CFuel * (1_HE)+CEZCC'HE dit ‘

The application of the CI is demonstrated in the following for three different hybrid-electric
propulsion system characterized namely by a constant degree of hybridization for energy, a
constant electric power supply and a constant amount of electric energy consumption.

4.4.1 Constant Degree of Hybridization for Energy

For a hybrid-electric aircraft configuration equipped with a propulsion system whose op-
erational utilization results in a constant Hg, the fractional change of Hg versus time in
Equation 4.19 equals zero.

dHg
— =0 4.20

gr (4.20)
Combining Equation 4.19 and Equation 4.20, the expression of CI for constant Hg is obtained
in Equation 4.21.

CTime
o _ 4.21
Hpconst CFuel ° (1 — HE) + CElec - Hp ( )

Clyy.,,.. becomes the ratio of crime and the specific cost of the energy weighted by Hg. A
value of Hg tending to zero leads to the traditional cost index definition considering in this
case the total energy supplied. For a fixed crime and a cgie. far less than cpye, the Cly,,,, .,
optimization would lead to higher economical Mach number compared to the one obtained
by using the traditional cost index. This effect will be even more pronounced for higher Hg
values. An example of a hybrid-electric concept for the application of CIy,, ., is presented
in Section 5.4. For this hybrid-electric aircraft concept, H pyse is fixed at 50% during cruise.
Under the assumption that the efficiency of the hybrid-electric propulsion system does not
vary significantly during cruise, Hg remains constant.
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4.4.2 Constant Electric Power Supply

In this section, the CI is derived for hybrid-electric propulsion system whose operations result
in a constant electric power supply. The formulation of the CI for constant electric power
supply is relevant for the hybrid-electric aircraft concept investigated in Section 5.3. In
this context, the hybrid-electric propulsion system is composed of an electric motor power
running at constant power during a given segment of the mission. Under the assumption
that the efficiency chain of the electrical system from the electric energy and power device to
the electric motor is invariable during the operation, the electric power supplied Psyppiy, Elec
remains constant. Considering now Hp as a function of the flight conditions, the energies
supplied can be written as:

ESupply,Elec = PSupply,Elec -t (422)

and
ESupply,Fuel = ESupply,Total - ESupply,Elec = ESupply,Total - PSupply,Elec 1 (423)

Equations 4.22 and 4.23 can be combined into Equation 4.17.
dC AdEsupply Total
a = CTime + CFuel * (%ﬂ - PSupply,Elec) + CElec - PSupply,Elec =0 (424)

Equation 4.24 yields to the definition of the CI for constant electric power as expressed in
Equation 4.25.

CTime + PSupply7Elec : (CElec - CFuel) _ dESupply,Total
CFuel dt

CIPElectric,sonst = (425)

As the cost for electricity, cgiee, is in the numerator of Equation 4.25, an increase in cgje.
leads to a larger value of Clpy,,., .. cony- A the result, the optimum economical flight speed
increases with increasing electricity price. Moreover, Clpg,, ., .. cons» D€COmMes zero under the
specific price relation given by Equation 4.26.

CTime
CFuel = CElec + 5 (426)
PSupply,Elec

This condition results in an economical Mach number which coincides with the ESAR op-

timum cruise speed as the term, dEgyppiy, Totar/dt, equals zero. Under the condition of a fuel

price cpye; much greater than the electricity price cgie., Equation 4.25 yields the formulation:
CTime

CcI , = —P 4.27
PElectr'Lc,const(CElec<<CFuel) CFuel Supply,Elec ( )

According to Equation 4.27, different scenarios can be discussed with respect to the relation
between Pgypplyp,.. and the ratio crime /CFuer which reflects the conventional CI expressed in
Equation 4.19.



62 4 Methods for Flight Technique Optimization of Hybrid-Electric Aircraft

o Values of Psuppiy,Eiec less than the ratio crime/crue result in a Clpy, ... ..., lower
than the CI. This condition tends to lower the optimum flight speed. However, the
resulting economical Mach number is still higher than MRC.

o Values of Psyppiy, Elec Which equal the ratio crime /¢ruer nullify Equation 4.27. Under
this condition the optimum economical Mach number is equal to MRC.

 Values of Pgyppiy, Eiec larger than the conventional CI provide a negative Clp,, ., .. ...
In this case, MRC is chosen as economical Mach number.

Similarly, if the fuel price cpye is very large compared to cpiyme and cgrec, & negative
Clppeciric.conse Will e obtained as formulated in Equation 4.28. In this scenario, the eco-
nomical speed corresponds to MRC.

hm CIPElectric,const - _Psupplvalec (428)

Another case to highlight is when cgje. equals ¢pye. This condition leads to the formulation
of the traditional cost index definition however in this case with the total energy supplied
considered. As a result the economical Mach number may be changed compared to the
conventional case if the energy consumption characteristic is different.

_ CTime __ dESupply,Total (4 29)

Clp , =
ElECt”C’CDnSt(CElec:CFuel) CFuel dt

4.4.3 Constant Amount of Electrical Energy Consumption

For this third hybrid-electric application, the amount of Egyppiyy,.. stored is consumed irre-
spective of the flight speed. It represents, for instance, the case of a number of fully charged
batteries installed on board of an aircraft whose capacity is consumed independently of the
flight speed until the end of the mission according to a given state-of-charge. With respect
to the specificity of this hybrid-electric propulsion system, the variation of the electric energy
consumed at the energy source during the total mission time, t, is zero:

dESupply,Elec

=0 4.30
I (4.30)

which leads to:

dESupply,Fuel dESupply,Total _ dESupply,Elec dESupply,Total

dt dt dt dt ( )
Consequently, Equation 4.17 yields:
E = CTime + CFuel %,FUC = CTime + CFuel %ﬂbt@ =0 (432)

The CI definition obtained in Equation 4.33 is similar to the conventional CI established
in Equation 4.19. As the electric energy consumption is independent of the time, it is like
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considering the electrical cost as part of the fixed cost. Consequently, only the change in fuel
consumption is relevant to determine the optimum economic Mach number.

_ CTime _dESupply,Toml - _dESupply,Fuel (4 33)

Clg. = _ _
FElectric,const CFuel dt dt

4.5 Summary of Cost-Index for Hybrid-Electric Aircraft

The cost-index equations established through Section 4.4 are summarized in Table 4.1.

Cost Index Equation

dH
CI = CTime + ESupply,Total : (CElec - CFuel) : TtE (419)

CFuel * (1 - HE') + CElec HE'

Cost Index for Constant Degree of Hybridization for Energy Equation
CIHE(‘onsf = CTime (421)
B cFuel'(l_HE)+CElec'HE
H
under the condition TtE =0.
Cost Index for Constant Electric Power Supply Equation
. P . _
CIPElect'ric,const = Csze + Supply7Elec (CEZBC CFuel) (425)
CFuel

under the condition Psyppiy, E1ec = constant.

Cost Index for Constant Electrical Energy Consumption Equation
CTime

CIEElectric,const = (433)
CFuel

dESupply,Elec -0

under the condition
dt

Table 4.1: Summary of cost-index for hybrid-electric aircraft
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Chapter 5

Integrated Performance of Hybrid-
Electric Propulsion Systems

With regards to the potential evolution of battery technology discussed in Section 2.2.3.1,
fuel-battery hybrid-electric system is viewed as a promising topology towards the achieve-
ment of the future aviation goals highlighted in Section 1. The feasibility and the potential
benefits of fuel-battery propulsion system need to be assessed at aircraft level. The integrated
performance of fuel-battery hybrid-electric propulsion system is examined in this chapter on
the narrow-body transport aircraft segment represented by the class of the Airbus A320 or
Boeing B737. By equipping the conventional gas-turbines with an electric motor powered
by batteries, the retrofit of a narrow-body transport aircraft with a parallel hybrid-electric
propulsion system is analysed first in Section 5.3. In order to gain more insights into the
sizing heuristics and design axioms of hybrid-electric aircraft, the investigation of hybrid-
electric narrow-body clean sheet designs are evaluated in Section 5.4 and in Section 5.5. In
Section 5.4, the sizing and performance implications of a parallel hybrid-electric system are
investigated by sizing the aircraft for increasing design ranges and according to different
levels of battery technology. The integrated performance of a partial parallel hybrid-electric
propulsion system is evaluated in Section 5.5 on a narrow-body transport aircraft featuring a
quad-fan arrangement. The integrated performance are examined in terms of change in air-
craft weight, potential block fuel reduction and change in vehicular efficiency. Moreover, the
implications of hybrid-electric propulsion system on flight technique optimality are analysed.
In view of the integrated performance, design heuristics and suitable market range segments
are evaluated for the application of fuel-battery hybrid-electric narrow-body transport air-
craft.

5.1 Aircraft Top-Level Requirements and Sizing Guidelines

The ATLRS, the design mission and the sizing guidelines specified for the design of the hybrid-
electric transport concepts investigated in this chapter are highlighted in the following. For
these aircraft studies, the YEIS is set to 2035. Consequently, the hybrid-electric propulsion
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technology implemented in the aircraft concepts is projected to a YEIS 2035. Moreover, evol-
utionary technological improvements related to the disciplines of aerodynamics and structure
are assumed to suitably reflect a YEIS 2035. The design payload of the aircraft is set at 180
passengers (PAX) assuming 102 kg per PAX. Compliance with the airworthiness regulations
CS-25 and FAR 25 transport category is administered. Field performance is characterized by
a TOFL at ISA, sea-level not being greater than 2200 m, and an approach speed less than
145 KCAS. Additionally, the time-to-climb to initial cruise altitude is limited to 25 min.

The defined mission profile consists of a taxi-out, take-off at sea level and ISA+10°C, climb
at ISA+10°C with a speed schedule 250 KCAS / 300 KCAS / MO0.76 until an initial cruise
altitude at FL 350. The cruise, performed at M 0.76 and ISA+10°C, is followed by a mirrored
descent, landing and taxi-in. Reserves fuel according to EU-OPS 1.255 accounts for 5% trip
fuel contingency cruise, 30 minute hold at 1500 ft and 100 nm alternate. Only for the hybrid-
electric aircraft concept assessed in Section 5.5, the mission reverves were adapted. Because
of the use of electrical energy during contingency cruise, the account based on percentage of
trip fuel was modified and expressed as an equivalent time criterion set at 10% of the block
time.

For the design of the aircraft, the following sizing guidelines were applied. The wing is sized
according to a constant wing loading of 645 kg/m? to retain similar en-route buffet onset
characteristics as well as low-speed performance. It is also sized for a constant wing aspect
ratio of 12.5. The flow-path sizing of the propulsive device is set at top-of-climb (ISA, FL350
and MO0.78) for a residual rate-of-climb of 300 fpm. The sizing of the vertical and horizontal
stabilizer is conducted according to constant volume coefficient. The fuselage geometry is kept
fixed for all variations investigated. The cargo volume represents consequently a constraint
for the storage of the batteries and for the conventional cargo. The volume constraint problem
is analysed assuming a constant battery density of 1000 kg/m?, which includes the volume
of the battery and of the thermal management system. Detailed structural strengthening
of the fuselage due to loading and de-loading of the battery in the cargo compartment are
disregarded in these aircraft studies.

5.2 Propulsion and Power Systems

The propulsion and power systems commonly shared across the narrow-body transport air-
craft concepts investigated are described in this section. Specificities related to the propulsion
system are detailed in the respective section related to each aircraft concept.

5.2.1 Electric Propulsion System

For each hybrid-electric aircraft concept investigated in this chapter, an identical architectural
layout for the electrical chain of the propulsion system was selected as illustrated in Figure
5.1.
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Figure 5.1: Electric propulsion system [27]

It is composed of an electric motor equipped with controller which are powered by batteries.
According to the YEIS, HTS technology was assumed for the electric motor and for the elec-
tric cables. Each battery pack is controlled by a battery controller unit (BCU). The battery
technological level is a key factor in determining the performance of the integrated hybrid-
electric aircraft concepts. Consequently, sensitivity analysis based on the battery gravimetric
specific energy are conducted at aircraft level. According to the prediction of the evolution
of the battery technology indicated in Section 2.2.3.1, the battery gravimetric specific energy
cell-level (epqt) is varied in the analysis between 750 Wh/kg and 1500 Wh/kg.

’ Component \ Specific weight ‘ Efficiency ‘
Battery 750 - 1500 Wh/kg [9, 16] 90- 95 %
HTS Motor 20.0 kW /kg [6] 99.5 %
HTS Cables 9.2 kg/m [39] 100 %
Controller 20.0 kW /kg [6] 99.5 %
Converter 18.0 kW /kg [6] 99.5 %
SSPC 44.0 kW /kg [42] 99.5 %

Table 5.1: Technology assumption for the electrical components of the propulsion system [27]

The PMAD enables the transmission and distribution of the electrical power through elec-
trical buses. Protection in the system is provided by the implementation of SSPC. For the
propulsion system architecture equipped with several electric motors, each electric bus dedic-
ated to a propulsion system is interconnected via a SSPC to ensure redundancy in the system.
The potential technological evolution of the electrical components beyond the state-of-the-art
were discussed in Section 2.2. The technological level of the electrical components assumed in
terms of specific weight and efficiency for aircraft level assessment are summarized in Table
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5.1. The specific weights of the components are assumed invariant with scale. Except for
the batteries, the efficiency of the components is assumed constant with the operating con-
ditions. The efficiency of the electric propulsion system implemented in the aircraft models
depends consequently only on the variation of the battery efficiency with respect to its dis-
charge characteristic according to the battery model presented in Section 3.2.3.6.1 as well
as the efficiency change of the propulsive device with the flight state and the power settings
according to the model introduced in Section 3.2.3.2.

5.2.2 All-Electric Power System

The layout of the all-electric power system architecture implemented in the hybrid-electric
aircraft concepts investigated in this chapter is illustrated in Figure 5.2.

Converter
Rectfer Fuel Cell
©o
o Solid State Power Controller / o8
Bus Tie Breaker eR%}
© Engine Generator SSPC g SSPC
}—@» Battery

540 VDC non-essential

Subsystems #1 Avionics Subsystems #2

Figure 5.2: Layout of the all-electric power system architecture [27]

Following the trends already set by state-of-the-art aircraft such as the Boeing B787 [116],
it consists of an all-electric subsystem architecture. The main operating voltage of the sub-
systems is 540 VDC, which was identified as the future operating voltage [117]. The Boeing
B787 has already demonstrated a subsystem voltage level of 270 VDC [118]. The assump-
tions with regards to the specific weight of the components constituting the all-electric power
subsystem are summarized in Table 5.2.

In addition to a zero-bleed architecture, it features zero-power off-take from the engine in
normal modes as the power required by the subsystems is provided by proton exchange mem-
brane fuel-cells operated with liquid hydrogen. The weight of the fuel cell system, including
the liquid hydrogen and tank mass, was estimated according to [55]. The stored liquid hydro-
gen was also used as coolant to maintain the HT'S materials of the electric motors and cables
constituting the propulsion system below critical temperature. However, to ensure redund-
ancy in the system, a generator is installed on each combustion engine to provide electric
energy in abnormal modes. The weight of the generators was calculated according to [34].
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’ Component Power and weight estimation

Environmental control system Number of PAX [119] according to a specific
weight of 0.36 kW /kg [120]

Flight controls Flight control area [67] according to a spe-
cific weight of 3.73 kW /kg [121]

Landing gear Based on MTOW [122] according to a spe-
cific weight of 0.19 kW /kg [122]

Anti-icing Scaled icing area based on BT787 reference
area [123]

Cables and busses Based on maximum subsystem power ac-
cording to [42]

Fuel cell system Based on maximum subsystem power ac-

(incl. liquid hydrogen and tank mass) cording to [55]

Generator Based on maximum power according to a
specific weight of 5 kW /kg [34]

Table 5.2: Technology assumption for the electric components of the power system [27]

The power demand and mass estimations of the important subsystems like environmental
control system or flight controls are estimated according to methods described by Vratny
[42]. The power demand for the cabin systems and the instruments is estimated according
to the methods published by Xia [124]. For the controller, converter and SSPC the same
technological level as summarized in Table 5.1 is assumed.

5.3 Parallel Hybrid Retrofit Aircraft

The retrofit of a narrow-body transport aircraft equipped with a fuel-battery hybrid-electric
propulsion system was assessed by Pornet et al. [27]. The reference aircraft is sized for
a design range of 3300 nm. The hybrid-electric propulsion system is composed of a HTS
electric motor powered by batteries mounted on the low-pressure shaft of the gas-turbine to
support its operation during some segments of the mission. Both gas-turbines are equipped
with an electric motor. The layout of the electric propulsion system is illustrated in Figure
5.1. The hybridization approaches investigated are discussed in Section 5.3.2. The geometry
of the reference aircraft is kept fixed. Possible increase of the nacelle wetted area due to the
integration of the electric engine has not been considered in this aircraft study. It was decided
not to downsize the combustion engine to give the capability to the aircraft to still fly medium
range missions based on the conventional system only. The design mission in comparison to
the reference aircraft was found to be reduced to 2770 nm because of the installation of the
necessary electrical components.

Due to the nature of the retrofit, the installation of the additional electrical components is
limited by the MTOW of the reference aircraft. In off-design, the reference aircraft is taking-
off at a take-off weight (TOW) less than MTOW according to the block fuel required to fly
the off-design mission. Off-design missions open consequently the possibility to install and to
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size the hybrid-electric propulsion system under the constraint of MTOW. Aircraft market
study targeting an YEIS 2035 [125] showed that a 900 nm stage length will cover 79% of
all world-wide flights in the 180-200 seats segment. This stage length was identified as the
maximum utilization stage length of the retrofitted aircraft. Aiming for minimum fuel burn
consumption at maximum utilization stage length, this off-design range was selected to size
the hybrid-electric propulsion system. An identical flight profile as described in Section 5.1
was attributes to the off-design mission. To maximize the benefits, the batteries are utilized
only during the block mission. The mission reserves are flown with fuel only.

5.3.1 Hybrid-Electric Propulsion System Model

The aircraft is equipped with advanced geared turbofan engines. The geared turbofan model
was developed according to the methods presented in Section 3.2.3.1. It features a bypass
ratio of 18 at flow path sizing conditions occuring at TOC conditions under MCL rating.
At ISA, FL350, M0.78 conditions and maximum thrust settings, the T'SFC' yields 13.25
g/kN/s. In order to facilitate the flexibility required for the hybridization of the propulsion
system, it was decided to decouple the integrated geared turbofan power plant model into a
modular arrangement of a turboshaft engine and a geared ducted fan device that in combin-
ation feature the same properties as the reference geared turbofan. Therefore, a two-spool
turboshaft engine model with a booster mounted to the power shaft was set up in GasTurb
[95]. Turboshaft intake conditions were iterated to simulate the presence of the frontal geared
fan, both, at design and off-design conditions. Turboshaft nozzle pressure ratio was iterated
to yield adequate values of core residual thrust. The resulting turboshaft engine model was
successfully verified against the reference geared turbofan model taking into account the
temperature, pressure and corrected mass flow values at important thermodynamic stations.
The turboshaft was integrated at aircraft level according to the methods described in Section
3.2.3.3. The geared ducted fan device was captured using the ducted fan model introduced
in Section 3.2.3.2. As part of the integrated aircraft study, the ducted fan and turboshaft
engine models were matched appropriately.

5.3.2 Sizing and Integrated Performance Analysis

The sizing and integrated performance of the retrofit aircraft equipped with a parallel hybrid-
electric propulsion system is assessed in the following. The analysis aims at exploring the
design space related to the implementation of the parallel hybrid-electric propulsion system
at aircraft level. The objective is to size the system in order to achieve the largest reduction
in block fuel against the reference aircraft. The design parameters and constraints involved
in the sizing of the hybrid-electric propulsion system are indicated in Figure 5.3. In this
figure, the relative change in block fuel compared to the reference aircraft is assessed by
sizing and utilizing the electric motor for cruise only. The other segments like takeoff, climb
and the reserves are performed with the conventional combustion engines only. The design
parameters indicated are the total installed maximal power of the electric motor Pgasmaz
and the power setting of the electric motor in cruise. 0% meaning that the electric motor is
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Figure 5.3: Design chart for hybrid-electric propulsion system in cruise [27]

not used whereas 100% means that the maximal power of the electric motor installed is used
during cruise. The first contour line represents the battery state-of-charge. According to
battery technology, the battery must not be discharged below a certain SOC limit commonly
set at 20%. This additional constraint in the sizing of hybrid-electric aircraft was highlighted
in Section 3.2.7. The design chart is consequently constrained by the 20% SOC limitation.
In order to maximize the electrical energy available on board the aircraft, the TOW at 900
nm stage length is set equal to MTOW. Consequently, the total battery mass installed
is an outcome of the study. As the MTOW is fixed, the total battery mass results from
the trade between the additional electrical system weight which is mainly a function of the
maximal power of the electric motor installed and the fuel mass required. Due to the MTOW
limitation, an increase in system weight is directly traded by a decrease in the battery mass
which can be installed on board of the aircraft.

Because of the resulting higher TOW compared to the reference aircraft, it is intuitive that
the hybrid-electric retrofit aircraft requires more fuel than the reference aircraft if no electric
energy is used as it can be observed at 0% power setting of the electric motor. As no electric
energy is used, the battery SOC remains constant at 100%. The very slight change in fuel
burn observed when increasing Pz maq is explained by the influence of the electrical system
and battery installation on the centre-of-gravity of the aircraft affecting the lift-to-drag ratio
of the aircraft according to the variation in trim drag.

By increasing the power setting of the electric motor, more electrical energy is used during
cruise, leading to an increase in the potential fuel burn reduction. For an installed electric
motor power of 6 MW, it can be observed that the electric motor needs to be used above
40% to achieve a block fuel reduction compared to the reference aircraft. The sizing of the
electric motor power is critical in the search for minimum block fuel consumption. Installing
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a too small electric motor limits the potential use of the electric energy during cruise which
results in lower fuel burn reduction benefit. The fuel burn potential reduction increases
when increasing the installed electric motor power as more electrical energy is utilized during
cruise. However, the increase in the maximal power of the electric motor installed becomes
then limited by the 20% SOC constraint.

The design axiom for minimum fuel-burn is consequently to select the electric motor which
is utilized at its maximal power during cruise, as indicated by the power setting of 100% and
which consumes the entire available electric energy of the batteries installed with respect to
the 20% SOC constraint. For the hybrid-electric retrofit concept investigated, the optimal
system sizing, indicated in the graphic with the notation “HY C,us”, led to a total electrical
motor power installed of 6MW and a total battery mass installed of 8400 kg. With this design,
a fuel burn reduction of 13% is achieved compared to the reference aircraft along the 900 nm
off-design mission stage length.

Due to the concurrent utilization of the electric motor, the operations of the turboshaft
are impacted during cruise. As mentioned previously the turboshafts are not resized in
this hybridization scheme. The additional power provided by the electric motor leads the
turboshaft to run into part-power during cruise. The thermal efficiency of the turboshaft
is consequently impacted by the electric motor operation. Illustrated in Figure 5.3 with
the second contour line, the degradation of the thermal efficiency of the turboshaft becomes
larger with increasing electric motor power setting and with increasing installed electric motor
power. An efficiency degradation of about 4 percent point is noticed along the 20% SOC
constraint compared to the case without the electric motor. This degradation penalizes the
fuel burn consumption.
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Figure 5.4: Sensitivity study against battery specific energy [27]

The fuel burn reduction potential indicated depends strongly on the ep,; assumed in this
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study at 1500 Wh/kg at cell-level. A sensitivity study related to the ep,; is presented in
Figure 5.4. In this study, the total battery mass installed is a design variable and the electric
motor installed is used at 100% of its maximal power installed during cruise. In Figure 5.4,
the aircraft concepts are sized according to a 20% SOC constraint. The block fuel reduction
is measured against the reference aircraft performing an off-design mission of 900 nm. As
indicated by Figure 5.4, the block fuel reduction is the highest when the MTOW condition is
reached. This confirms the previous assumption made that the highest fuel burn reduction is
achieved when maximizing the available electric energy on board of the aircraft as in Figure
5.3 drawn at MTOW constraint. Figure 5.4 shows that by decreasing the epq: from 1500
Wh/kg to 1000 Wh/kg, the potential fuel saving is reduced by around 50%.

In the above analysis, the electric motor was used during cruise only while the takeoff and
the climb segments were still performed with the conventional gas-turbine only. The benefits
of utilizing the electric motor during climb and cruise is now examined in Figure 5.5.
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Figure 5.5: Design chart hybrid-electric propulsion system in climb and cruise [27]

In this assessment, the electric motor is used at 100% of its maximum power during cruise
while the electric motor power is varied during climb from 0% to 100%. The optimum electric
motor installation in view of minimizing the fuel consumption is investigated by varying the
maximal electric motor power installed Pgasmaz. The analysis of Figure 5.5 shows that
the impact of using the electrical motor during the climb results to an additional -3% point
at the optimum case denoted by the abbreviation “HY Ceryise&ctimp - With respect to the
SOC constraint, the electrical energy available is consumed completely along the 20% SOC
line. As investigated previously in Figure 5.3, if no electric power is used during climb,
the optimal design point is found with the installation of a 6000 kW total electric motor
power which translates in an Hp of 16% and a battery system mass of 8400 kg. Limited
by the MTOW constraint, the only way to use additional electrical energy during the climb,
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while still utilizing the electric motor at 100% during cruise and respecting the 20% SOC
constraint is to reduce the power of the electrical motor installed. The resulting design axioms
for the hybrid-electric propulsion system utilized during climb and cruise are itemized in the
following.

e Due to the reduced electrical energy utilized during cruise, the absolute cruise fuel
consumption is higher. As shown in Table 5.3, the cruise fuel consumption is 10% higher
in cruise, even if the efficiency of the gas-turbine during cruise is slightly improved as
it runs into better part load. This is shown in Figure 5.5 with about 1 percent point
efficiency gain during cruise between HY Cryise and HY Ciryisesoclimb-

o Installing a lower electric motor power results in reducing the electrical system weight
which enables the increase of the battery mass installed (if at the same time, the block
fuel burn remains constant or is reduced), leading to more electric energy available on
board of the aircraft. In this case the block fuel is reduced by -3% as indicated in Table
5.3.

e The use of electrical energy during climb enables climb fuel burn reduction. Moreover,
considering short off-design mission, the relative contribution of the climb in the block
mission increases. Reducing fuel consumption during climb on short stage length has
consequently a larger impact on the block fuel consumption. The fuel burn savings
achieved during climb are -22% as represented in Table 5.3.

As a result, the fuel burn saved during the climb overcomes the increase in fuel during cruise
resulting finally in a reduction of block fuel consumption. The selection of the electric motor
power for minimum fuel burn follows the aforementioned design axioms. With respect to the
objective of minimizing the fuel consumption, the optimum system design point is found by
installing a total electric motor power of 5100 kW which results in an Hp of 13% and a total
battery mass of 8900 kg. A block fuel reduction up to 16% against the reference aircraft is
achieved by operating the electric motor during climb and cruise.

Segment Taxi-out | Take-off | Climb | Cruise | Descent | Landing | Taxi-in Block‘
Fuel Change | 0% 0% -22% [ 10% | 0% 0% 0% 3% |

Table 5.3: Relative fuel consumption values between HY Ceryisegctimp and HY Cepyise [27]

In summary, the sizing of the hybrid-electric propulsion system is the outcome of an interplay
between the maximum electric motor power, which determines mainly the weight of the
associated electrical system, the control setting of the electric motor, the total mass of the
battery required and the potential reduction in fuel consumption. The sizing is constrained
by the SOC of the battery and due to the specificity of the retrofit by the MTOW.

5.3.3 Aircraft Mass Breakdown

The hybrid retrofit aircraft utilizing the hybridization approach during climb and cruise is
compared against the reference conventional aircraft for an off-design mission of 900 nm in
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Table 5.4. The TOW of the reference aircraft to operate this off-design mission is 68697 kg
and the release fuel which includes the block fuel and the reserves is 6453 kg. In order to
maximize the electric energy on-board the aircraft, the hybrid retrofit aircraft operates the
900 nm stage length at MTOW with 78990 kg. It is a 15% increase in TOW compared to
the reference aircraft. The propulsion system of the hybrid aircraft is increased by 6% due
to the installation of the electric motors sized for a total power of 5100 kW. The installation
of the electric propulsion system results in a 31% increase in electrical system weight and an
additional 8900 kg of batteries. The decrease in release fuel of 10% is less than the previously
quoted block fuel reduction of 16% as the reserves flown with fuel only are accounted for in

the release fuel.

Aircraft mass breakdown ‘ Unit ‘ Reference Aircraft ‘ Hybrid Aircraft ‘ A Ref. ‘
Structure [kg] 20819 20819 0%
Propulsion system [kg] 8991 9501 6%
- Conventional powerplant [ke] 8991 8991 0%
- Electric motors (incl. control- | [kg] NA 510 NA
lers)

Equipment [kg] 14073 15593 11%
- Furnishing kg] 4435 4435 0%
- Hydraulic system (anti-icing) [kg] 173 173 0%
- Electrical system [kg] 4941 6461 31%
- Instruments [kg] 944 944 0%
- Operational items [kg] 3580 3580 0%
OEW [ke] 13883 45013 5%
Payload [kg] 18360 18360 0%
Release fuel (block and reserves) [kg] 6453 5818 | -10%
Total battery [kg] NA 8900 NA
TOW [kg] 68697 78990 15%

Table 5.4: Mass breakdown of the reference and hybrid-electric aircraft for an off-design mission
of 900 nm [27]

The retrofitting of an aircraft with a hybrid-electric system enables to gain insights into the
design parameters, constraints and behavior of the propulsion system as well as to establish
first design heuristics. However, in view of examining the sizing effects resulting from the
integration of hybrid-electric propulsion at aircraft level and of investigating the potential
market range application for hybrid-electric narrow-body transport aircraft, the integrated
performance of clean sheet designs need to be assessed.

5.3.4 Optimum Flight Technique

The optimum flight technique for the retrofit aircraft equipped with a parallel hybrid-electric
propulsion system is analysed in this paragraph. It was published by Pornet et al. [115].
The optimum altitude-speed schedule is assessed according to the vehicular efficiency metrics
introduced in Chapter 4. The relative value of SAR and ESAR are illustrated in Figure
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5.6 and Figure 5.7 respectively. COSAR depends on the specific market price of the energy
sources. The relative value of COSAR is evaluated assuming a fuel price of 6 USD/USG, an
electricity price of 0.07 USD/kWh in Figure 5.8 and an electricity price of 0.16 USD/kWh
in Figure 5.9. The aircraft weight condition of 98% of MTOW represents a typical aircraft
weight at TOC.

The analysis of Figure 5.6 indicates that maximum SAR occurs at a Mach number close to
0.7 and a FL of 350. The evaluation of maximum ESAR in Figure 5.7 shows that it evolves
towards higher Mach number value. Recalling Section 4.2, ESAR takes into account the
overall energy consumption of the aircraft. In addition to the fuel energy, which is exclusively
considered in SAR, the electric energy consumption is comprised in the ESAR metric. The
increase in Mach number is rooted in the operational characteristics of the hybrid-electric
propulsion system and especially the management of the electrical energy. As the electric
motor runs continuously at its maximal power during cruise, the operation of the electric
motor is independent of the flight conditions. However, the flight speed influences the flight
time and as a result the amount of electrical energy consumed during cruise. For a given
mission, increasing the Mach number reduces the electric energy requirement. As a result,
the Mach number value for maximum ESAR increases. However, this change is counteracted
by the higher fuel consumption occurring at higher flight speed. With a Mach number of
0.71, the speed for optimum ESAR is consequently slightly higher than the Mach number of
0.7 for optimum SAR. This operational characteristic explains also the optimum SAR trend.
Lowering the operating Mach number increases the flight time and as a result leads to higher
electric energy consumption. This effect amplifies the influence of decreasing Mach number
on fuel consumption. Consequently, optimum fuel consumption occurs at rather low Mach
numbers.

When analysing the optimum COSAR trend, the specific cost of each energy sources needs to
be taken into account. Recalling Equation 4.11, Hp weights the specific cost of each energy
involved in the hybrid-energy propulsion system. For an instantaneous point performance
computation, Hg is a constant value. However, it is interesting to note that during cruise, the
instantaneous value of Hg tends to increase. Assuming that the efficiency of the conventional
and electrical system remains about constant during cruise, this evolution of Hg is explained
by the operation of the electric motor during cruise at its maximal power while the power
requirement of the turbofans diminishes as a result of the aircraft weight reduction during
cruise. In Figure 5.8, the specific price of the electric energy represents roughly 40% of the
specific price of the fuel. The cost of fuel dominates consequently the energy cost relation
leading to a flight schedule tending to minimize the fuel energy consumption. It results in an
COSAR speed optimum which lays between the SAR and ESAR speed optimum while being
closer to the SAR optimum. For a specific electricity price of 0.16 USD/kWh, the electric
price equals about the fuel specific price. As demonstrated by Equation 4.12, COSAR is
equivalent to the ESAR metric under this price condition. As the result the optimum flight
technique for maximum ESAR and maximum COSAR in terms of speed and altitude are
identical and the contour of Figure 5.9 coincides with the one of Figure 5.7.

In the modelling of the hybrid-electric propulsion system, the influence of altitude on the
efficiency of the electric motor was neglected in first instance assuming an appropriate thermal
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management will be effected. Consequently, the altitude optimization is not influenced by

the choice of the objective functions.

The speed sensitivity with respect to the metrics SAR, ESAR and COSAR of the retrofit
hybrid-electric aircraft concept is investigated in Figure 5.10 at an altitude of 35000 ft against

a variation in aircraft gross-weight. The increase in COSAR value with reduction in aircraft

gross-weight and the reduction in optimum speed with decreasing gross-weight to adapt the

lift coefficient in order to operate close to the maximum lift-to-drag ratio (L/D) are expected

result. The increase in optimum speed between MRC and MCRC resulting from the operat-

ing condition of the electric motor as detailed previously is noticeable. For a gross-weight of
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Figure 5.10: Optimum speed sensitivity versus gross-weight according to SAR, ESAR and to
COSAR at an altitude of 35000 ft [115]

70000 kg, a flight profile optimized according to maximum SAR would lead to a MRC below
0.68 whereas using COSAR as objective function would result in a MCRC of 0.69 assuming a
specific electricity price of 0.07 USD/kWh. The increase in MCRC with increasing electricity
price is also identifiable. Assuming a specific electricity price of 0.16 USD/kWh, MCRC is
above 0.7. As analysed in previously, MERC is higher than MCRC at an electricity price of
0.07 USD/kWh, whereas it coincides with MCRC for 0.16 USD/kWh. It can also be noted
that LRC is in both cases higher than MCRC.

The change in COSAR with respect to gross-weight according to the different specific elec-
tricity price is worthwhile noticing. The analysis of Figure 5.10 shows that the sensitivity of
COSAR is more pronounced for lower specific electricity price. This is again the result of the
operational strategy of the electric motor during cruise. As the electric motor operates at
maximum power during cruise, it is independent of the flight power demand. In other words
the electric energy consumed during cruise in independent of the gross-weight variation. For
a higher electricity price, the contribution of the fuel energy price is less preponderant to
COSAR, thus reducing the sensitivity of COSAR versus the gross weight change.

The sensitivity of the optimum economical Mach number for the retrofit hybrid-electric air-
craft is assessed in Figure 5.11 according to a variation of ¢pime. The cost index is evaluated
according to Equation 4.25 which was derived for the case of a constant electric power utiliz-
ation independent of the flight state. According to Equation 4.25, higher cost of time results
in increasing CI. The trend towards higher optimum economical Mach number with increas-
ing crime is clearly noticeable in Figure 5.11. For a cpjme of zero, Equation 4.25 becomes
negative with a value of -2 kWh/min. With this condition the line of optimum MCRC co-
incides exactly with the optimum Mach number defined by cpime. AS Crime is negligible,
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Figure 5.11: Optimum speed sensitivity versus gross-weight according to SAR, COSAR and
minimum cost at an altitude of 35000 ft [115]

the most economical flight technique results in minimizing the energy cost in other words
in maximizing COSAR. With increasing value of CI, ¢pjme becomes more preponderant. In
order to minimize the cost, the optimum economical Mach number increases. The line with
a CI of 121 kWh/min represents consequently the lowest block time condition.

5.4 Parallel Hybrid Clean-Sheet Design

In view of assessing the sizing implications of fuel-battery propulsion systems on aircraft
design and overall aircraft performance as well as of identifying suitable market segments
for the application of hybrid-electric narrow-body transport aircraft, a clean-sheet design of
a narrow-body transport aircraft employing a fuel-battery parallel propulsion system was
investigated by Pornet et al. [126]. Similar to the hybrid-electric propulsion system employed
in Section 5.3, the electric motor powered by batteries is mounted in parallel on the low-
pressure shaft of the gas-turbine. In the context of the concept investigated, the electric motor
is mounted only in one of the gas-turbines. It was found in Section 5.3 that the simultaneous
operation of the electric motor has negative consequence on the operational behaviour of
the gas-turbine. A noticeable effect was the reduction of the gas-turbine efficiency forced
to operate in part-load as shown in Figure 5.3. Modifying the operating line of the turbo-
components, surge margins need to be also thoroughly considered during the design of the
gas-turbine. In order not to change the design axioms of contemporary gas-turbine and to
avoid impairing its efficiency through the utilization of the electric motor, the operational
scheme of the hybrid-electric propulsion system was to switch-off the gas-turbine during
cruise while the electric motor drives by itself the propulsor. As a result of the sizing and
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operational strategy, the Hp,. is fixed at a value of 50% during cruise. The other segments
are performed conventionally using the two gas-turbines.

5.4.1 Hybrid-Electric Propulsion System Model

The conventional powerplant system is equipped with a geared turbofan engine. The engine
model was produced according to the methods described in Section 3.2.3.1. Four engines with
design thrusts ranging from 15 kN to 35 kN were sized at TOC with maximum climb rating
under the conditions ISA, FL 350 and M 0.78. The design deck implemented to capture the
geometrical and weight sensitivity of the engines versus the design thrust and the design fan
presssure ratio were represented in Figure 3.6 and Figure 3.7. The thrust characteristics of
the geared turbofan were represented in Figure 3.8 for a design thrust of 21 kN and a design
FPR of 1.41. The design yielded a T'SFC of 13.24 g/kN/s for the engine with the highest
thrust and 13.30 g/kN/s for the engine with the lowest thrust. The T'SF'C' characteristics of
the geared turbofan models were represented in Figure 3.9 for cruise condition at 1SA+10°C,
FL350 and M0.76 against the thrust setting for each design thrust.

5.4.2 Sizing and Integrated Performance Analysis

By sizing the aircraft for interval design ranges between 900 nm and 2100 nm, the sizing
effects of integrating the fuel-battery propulsion system are investigated in terms of potential
block fuel reduction and change in vehicular efficiency. The influence of the battery technolo-
gical level is assessed by varying the e, between 750 Wh/kg and 1500 Wh/kg. In each of the
following figures, the relative change of the metrics is compared to an advanced conventional
aircraft suitably projected to a YEIS 2035.

The relative change in block fuel is illustrated in Figure 5.12. The use of the electrical system
improves the overall propulsion system efficiency of around 30% during cruise thanks to the
highly efficient electrical components. In addition, as part of the energy is provided electric-
ally during cruise, a significant reduction in fuel consumption can be achieved against the
advanced conventional aircraft. When assuming epgg: of 1500 Wh/kg, a block fuel reduction
of 20% can be reached. However, it can be observed that these large potentials in block fuel
reduction can be achieved at design ranges which reflect more of the regional market segment.
Assuming a epq; of 1500 Wh/kg, a global minimum at 1100 nm gives rise to a design space
between 800 nm and 1800 nm where the block fuel reduction is higher than 15%.

To understand this aspect, the Figure 5.13, which illustrates the change in MTOW, needs
to be considered. It can be seen that the MTOW of the hybrid-electric aircraft is largely
increased compared to the advanced gas-turbine only aircraft. It results from the utiliza-
tion of batteries as an energy source, the additional system weight (according to the sizing
of the electrical propulsion system components) and the sizing cascading effects. Even in
the joint occurrence of reduction in fuel burn and increase in propulsion system efficiency,
a large increase in MTOW compared to the advanced gas-turbine aircraft is observed. At
a design range of 1100 nm, the MTOW of the hybrid-electric is 25% higher. The increase
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in MTOW is amplified with greater ranges due to higher demand in electrical energy dur-

ing cruise. This is the main reason why the potential in block fuel reduction vanishes with
greater range. The break-even range indicates the point where the degradation resulting
from the increase in MTOW starts to overcome the fuel consumption benefit provided by the

utilization of electrical energy and the increase in propulsion system efficiency. The benefit
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of the hybrid-electric propulsion system is strongly counteracted by the increase in aircraft
weight particularly for lower battery specific energy and for increasing design range. When
assuming a epgqs of 1000 Wh/kg, the fuel burn is reduced to -13% at 1100 nm and the MTOW
is increased by 40% while with a epq: of 750 Wh/kg the relative changes are -3% and +58%
respectively.

In summary, with the use of the electric energy as an additional source of energy and through
the achievement of higher propulsion system efficiency, large fuel burn reduction can be
achieved. However because of the additional weight of the batteries and of the electrical
system components, the MTOW of the aircraft is largely increased. Consequently, the overall
energy consumption of the aircraft, which means in this case the consumption of the fuel
energy and of the electrical energy might be impaired compared to the advanced conventional
aircraft.
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Figure 5.14: Relative change in ESAR for a Hpys. of 50% during cruise [126]

Figure 5.14 illustrates this important design implication where the relative change in block
ESAR is represented on the vertical axis. For most ranges investigated the vehicular efficiency
of the hybrid-electric aircraft is degraded compared to the advanced conventional aircraft. In
other words, the hybrid-electric aircraft consumes more energy than the advanced gas-turbine
aircraft for most of the stage lengths investigated. Only when assuming a epy of 1500 Wh/kg,
neutral energy outcomes can be achieved up to 1100 nm. At 1100 nm, the ESAR is 9% lower
with a epqt of 1000 Wh/kg and 17% less with a epqs of 750 Wh/kg. The consideration of the
overall energy consumption is important as the electrical energy might not be produced only
through renewable energy sources and the production will have an impact on the carbon life
cycle assessment. As the electric motor is used during cruise only, it is interesting to analyze
in detail the block energy and the cruise energy consumed as illustrated in Table 5.5.

When focusing on the cruise energy consumed, even with the increase in aircraft gross-weight,
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the cruise energy consumption is 10% less than the advanced gas-turbine aircraft at 1100 nm
and 13% less at 900 nm, assuming a ep,; of 1500 Wh/kg. However, because take-off and climb
(as well as the reserves, including diversion and hold) are still performed using the advanced
gas-turbine only, the larger MTOW produces inferior performance in these segments which
leads to a neutral block energy consumption. Assuming a value of 1000 Wh/kg, the cruise
energy is about neutral at 1100 nm and 8% less at 900 nm, whereas the hybrid concept
consumes 9% and 5% more block energy respectively. At a epq of 750 Wh/kg, the cruise
energy is about neutral at 900 nm, but noticeably degraded at 1100 nm. At 1100 nm design
range and assuming a epq of 1500 Wh/kg, the Hg is 35% during cruise whereas it is 20%
when considering the block mission. It is interesting to note that even if the Hpyse is 50%,
the Hg cruise is less than 50% due to the lower efficiency chain of the conventional propulsion
system compared to the electrical system.

’ Specific energy [Wh/kg] 750 1000 1500
Design range [nm] 900 | 1100 | 900 | 1100 | 900 | 1100
Relative change in block Fuel [%] -8 -3 -14| -13]-19] -20
Relative change in MTOW [%] 42 58 | 30 40 | 20 25
Relative change in block ESAR [%)] 11| 17| A4 -9 2 0
Relative change in block energy [%] 12 21 5 9| -2 0
Relative change in cruise energy [%] -1 10 | -8 -1 ] -13 | -10

Table 5.5: Relative change in energy compared to the advanced conventional aircraft [126]

The analysis of potential block fuel reduction and change in vehicular efficiency indicate
that the regional market segment turns out to be the most suited market for the application
of fuel-battery hybrid-electric aircraft. As the regional-type market represents up to 38%
(for year 2002) of the cumulative global commercial air transport fuel consumption [127],
hybrid system technology could lead to reduction in in-flight emissions if the battery cell
technology reaches at least a state of 1000 Wh/kg. When considering environmental impact,
it is worth highlighting that by virtue of the fuel burn reduction achieved during cruise by
utilizing the hybrid-electric concept, the harmful emissions at high altitudes are strongly
reduced. However, these prospects would be more contrasted when analyzing the life-cycle
CO4 emissions because the electrical energy production and the life-cycle emissions resulting
from the production and the recycling of the electrical components need to be considered.

The integration of hybrid-electric propulsion at aircraft level disrupts conventional aircraft
design paradigm. First of all, fuel burn reduction can be achieved while the MTOW of the
aircraft is increased and secondly a reduction in fuel burn does not mean automatically an
improvement in vehicular efficiency.

The design points represented in Figure 5.12, Figure 5.13 and Figure 5.14 might be volumet-
rically constrained. As the fuselage geometry was kept fixed in this investigation, the cargo
volume represents a constraint for the storage of the batteries and for the conventional cargo.
The volumetric constraint is indicated for a typical regional cargo volume of 0.14 m?/PAX.
In view of improving the volume allocation for housing the batteries, evolution of the fuselage
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geometry towards a double-bubble cross-section is conceivable with the lower lobe having a
wider diameter.

The analysis of this hybrid-electric concept enables to highlight the design space for an Hpyse
of 50% during cruise by gaining first insights into the sizing impact and the potential benefits
of hybrid-electric propulsion system at aircraft level. In view of investigating the influence
of Hpyse on the overall aircraft design and performance, a hybrid-electric clean sheet design
featuring a partial parallel hybrid propulsion technology is proposed in Section 5.5.

5.4.3 Aircraft Characteristics and Benchmark

The aircraft characteristics of the hybrid-electric aircraft, assuming a battery gravimetric
specific energy of 1.5 khW /kg at cell-level, are compared against the advanced conventional
aircraft. Both aircraft are sized for the same ATLRS. The design mission is characterized by
a 1100 nm range and a payload of 18360 kg. The aircraft main data and the mass breakdown
are presented in the following.

] Aircraft main data ‘ Unit ‘ Reference Aircraft | Hybrid Aircraft ‘ A Ref. ‘
MTOW [kg] 59356 74023 25%
MLW [kg] 56389 71802 27%
OEW/MTOW N 0.601 0571 | 5%
Design payload/ MTOW [] 0.309 0.248 | -20%
Release fuel/ MTOW ] 0.089 0.063 | -30%
Total battery/MTOW ] NA 0.118 NA
T/MTOWS L static B 0.325 0312 | 4%
MTOW/S,.f [kg/m?] 645 645 0%
Sres (Airbus gross) [m?] 92 115 25%
Wing aspect ratio (Airbus [] 12.5 12.5 0%
gross)

Wing Span [m] 34.2 38.2 11%
Wing Leading Edge Sweep [°] 26.4 26.4 0%
Geared  Turbofan  Design [kN] 17.7 21.2 20%
Thrust (ISA, FL350, M0.78)

TSFC (IS4, FL350, M0.78) | [g/kN/3| 13.29 13.28 0%
Electric ~ Motor  Maximal [kW] NA 5882 NA
Power

L/D (initial cruise, ISA, ] 18.04 18.91 5%
FL350, MO.78, MTOW

breakes release)

TOFL (IS4, SL) ™ 1366 1915 3%
Approach speed (ISA, SL, [kts] 141 142 +1%
MLW)

Table 5.6: Main aircraft data of the hybrid-electric aircraft sized at a design range of 1100 nm
and a battery specific energy of 1.5 kWh/kg at cell-level [126]
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5.4.3.0.1 Aircraft Main Data As highlighted in Table 5.6, the MTOW of the hybrid-
electric aircraft is increased by 25%. Due to the wing sizing scheme at constant wing-loading,
it results in a wing area increase of 25%. At design point, the design thrust of the geared
turbofan is increased by 20%. The increase in design thrust is the result of a larger TOW at
TOC, counteracted however by an improvement in aerodynamic efficiency. The wing being
sized at a constant aspect ratio, the lift-induced drag coefficient remains unchanged for a
given lift coefficient. However, besides the Reynolds number effects, the enhancement in lift-
to-drag ratio of 5% at initial cruise altitude is explained by the increase in wing area while
the fuselage geometry is kept constant. As a result, the contribution of the aerodynamic
efficient wing component increases relatively compared to the fuselage which improves the
lift-to-drag ratio. The improvement in lift-to-drag ratio for a wing sized at constant wing-
loading and a fixed fuselage geometry was theoretically demonstrated by Isikveren et al.
[13]. The sizing of the electric motor to drive by itself the propulsor during cruise results
in a maximal installed power of 5882 kW. Due to the utilization of electrical energy during
cruise, the variation of the aircraft mass is less pronounced during cruise which leads to a
higher landing weight. The maximum landing weight (MLW) is consequently increased by
27% compared to the reference aircraft. The resulting higher wing-loading in landing phase
results in a 1% increase in approach speed.

5.4.3.0.2 Aircraft Mass Breakdown As shown in Table 5.7, the structural weight of
the hybrid-electric aircraft is increased by 17% due to the component sizing effects on the
wing, the empennage and the landing gear. Because of the larger design thrust of 20%, the
weight of the conventional powerplant is increased by 23%. The more than proportional
increase in conventional powerplant weight is explained by the fact that weight and volume
increase to a higher power than cross-sectional area for the increase in mass flow. The
installed electric motor power of 5882 kW results in a weight of 740 kg. The electrical system
weight increase of 41% results from the installation of the PMAD system. As the result the
operating empty weight (OEW) is changed by 18%. According to the battery specific energy
assumption of 1.5 kWh/kg at cell-level, 8765 kg of batteries are required to perform the design
mission. The release fuel which includes the fuel reserves is reduced by 12% compared to the
block fuel reduction of 20% stated previously.
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’ Aircraft mass breakdown ‘ Unit ‘ Reference Aircraft ‘ Hybrid Aircraft ‘ A Ref. ‘
Structure [kg] 18097 21163 17%
Propulsion system [kg] 4035 5709 41%
- Conventional powerplant [kg] 4035 4951 23%
- Electric motor (incl. controller) [kg] NA 740 NA
Equipment [kg] 9972 11791 18%
- Furnishing [kg] 4435 4435 0%
- Hydraulic system (anti-icing) [kg] 173 173 0%
- Electrical system [kg] 4420 6239 41%
- - PMAD propulsion [kg] NA 1577 NA
- - Sub-systems [kg] 4420 4662 5%
- Instruments [kg] 944 944 0%
- Operational items [kg] 3580 3580 0%
OEW kel 35684 12243 | 18%
Payload [kg] 18360 18360 0%
Release fuel (block and reserves) [kg] 5312 4655 | -12%
Total battery [kg] NA 8765 NA
MTOW [ke] 59356 74023 25%

Table 5.7: Mass breakdown of the hybrid-electric aircraft sized at a design range of 1100 nm
and a battery specific energy of 1.5 kWh/kg at cell-level [126]

5.5 Partial Parallel Hybrid Clean-Sheet Design

In the search of analysing the implications of increasing H p,s. on aircraft design, integrated
performance as well as flight technique optimization, a partial parallel hybrid system was
assessed by Pornet and Isikveren [14]. The hybrid-electric quad-fans concept illustrated in
Figure 2.2 is investigated. The electrification concerns all operational phases of the mission
except the taxi-in/out, descent, landing and hold, which are performed only with the tur-
bofans.

The intrinsic thrust and power characteristics of the electric fan are key aspects to be well
understood in order to size the propulsion system. They are detailed in Section 5.5.1 which
focuses on the sizing strategy of the hybrid-electric propulsion. Based upon the sizing of
the propulsion system, two different operational schemes of the hybrid-electric propulsion
during cruise are investigated. During the cruise operation presented in Section 5.5.2, the
turbofans are throttled back while the electric fans deliver the maximal available thrust. In
Section 5.5.4, the second operational cruise strategy is assessed which consists of throttling
the electric fans during cruise while the turbofans run close to their maximum efficiency [15].

5.5.1 Hybrid-Electric Propulsion System Sizing

The flow path sizing of the geared turbofans and the electric fans are performed at TOC
conditions. With respect to the level of Hp,s and the thrust requirement at TOC, Troc,
which includes a 300 fpm residual climb rate, the design thrust of the electric fan Troc,, and
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of the geared turbofan, Troc,,,, are determined according to Equation 3.31 and Equation
3.30 respectively. According to the design thrust, the geometric characteristics including
fan diameter, nacelle reference diameter and length are determined according to the geared
turbofan model and ducted fan model described respectively in Section 5.5.1.3 and Section
5.5.1.2.

5.5.1.1 Geared Turbofan Model

The conventional powerplant system is equipped with geared turbofans. The engine models
implemented are described in Section 5.4.1. The engine models were produced according to
the methods described in Section 3.2.3.1.

5.5.1.2 Ducted Fan Model and Electric Motor Sizing

The modelling of the thrust and power-demand characteristics of the electric fan model is
based on the ducted fan model published by Steiner et al. [106]. The generic characteristics
of this model were the focus of Section 3.2.3.2. The sizing of the electric fan which includes
the sizing of the ducted fan and of the electric motor is essential in the design of the partial
parallel hybrid propulsion system. The flow path sizing of the ducted fan is performed at TOC
conditions (ISA, FL350, M0.78) according to Equation 3.31 and the design thrust Trocy, -
The sizing of the electric motor depends on the power characteristics of the ducted fan as
highlighted in Section 3.2.6.2. The critical sizing case of the electric motor which depends on
the level of Hp,s. as well as the thrust and power lapse characteristics of the electric fan were
reviewed in Section 3.2.3.2. In the context of the quad-fan concept investigated, the critical
sizing scenarios of the electric motor are elaborated as function of Hp,ge.

o For Hpyse values below 25%, the critical sizing condition of the electric motor is the
shaft power requirement at TOC. By sizing the propulsion system at TOC according to
Equation 3.30 and Equation 3.31, the TOFL (ISA, SL) without de-rating and the time-
to-climb are below the constraint values declared in the ATLRS. This is explained by
the fact that the thrust contribution of the electric fans during these segment remains
low compared to the thrust delivered by the turbofans.

e For Hpyse values between 25% and 50%, the time-to-climb constraint becomes the sizing
criteria. The electric motor power is sized in order not to exceed the time-to-climb of
25 min. As a consequence, the electric motor is slightly oversized for TOC condition.

e For Hp,s values above 50%, the electric motor power is sized to respect the TOFL
(ISA, SL) limitation of 2200 m. Above an Hpyse of 50% the thrust provided by the
electrical fans influences the low-speed performance. As the TOFL performance is the
sizing criterion, the electric motor is oversized for time-to-climb and TOC criteria.



88 5 Integrated Performance of Hybrid-Electric Propulsion Systems

5.5.1.3 Electrical System Architecture

The layout of the electrical propulsion system and the component technological level assumed
are described in Section 5.2.1. The all-electric subsystem power architecture equipping this
aircraft concept is identical to all the aircraft concepts presented in this chapter and is detailed
in Section 5.2.2.

5.5.2 Geared Turbofan Cruise Throttling

The operational strategy examined in this section is characterized by throttling the geared
turbofans during cruise to adjust to the instantaneous thrust requirement while the electric
fans provide their maximal available thrust. During the other segments of the mission where
the electrical fans are employed, the maximal thrust available is delivered. The maximal
thrust provided by the electric fans is a function of the sizing and thrust lapse characteristics
of the ducted fan and of the maximum power of the electric motor installed. The difference in
thrust requirement between TOC and cruise as well as the reduction in aircraft gross weight
result in a necessity to throttle back the geared turbofans during cruise. The amount of
thrust to be reduced is determined by the maximal thrust delivered by the electric fans, the
sizing of the geared turbofans and the thrust required during cruise. Due to the throttling of
the geared turbofans during cruise, the geared turbofan can be subjected to lower part load
operating conditions. However, according to the sizing procedure of the geared turbofans
and the electric fans at TOC as indicated in Section 3.2.6, the amount of thrust required by
the geared turbofans during cruise remains mainly within the T'SFC bucket of the geared
turbofan presented in Figure 3.9. This efficiency change of the geared turbofan is discussed in
Section 5.5.2.3. According to the selected operation of the electric fans, the increase in Hpyge
is limited in this model to a value that would result in a shut-down of the geared turbofans
during cruise due to fact that the electric fans would deliver the required thrust. In this
assessment, a maximal Hp,s value was set at 60% because above this Hp,s. threshold the
design thrust of the geared turbofan would violate the validity of the implemented models.
Moreover, it was judged that the selected geared turbofan architecture would not be relevant
anymore.

5.5.2.1 Integrated Performance Change Versus the Degree-of-Hybridization for
Energy

The integrated performance change of the hybrid-electric aircraft concept according to a
geared turbofan cruise throttling strategy was investigated by Pornet and Isikveren [31].
Sizing the aircraft for interval design ranges between 900 nm and 2100 nm and for increasing
degree-of-hybridization for useful power Hp,s., the prospects were investigated in terms of
potential fuel burn reduction (see Figure 5.15), change in vehicular efficiency (see Figure
5.16) and change in aircraft weight (see Figure 5.17). The relative change is measured against
an under-wing podded twin-engine transport aircraft projected for YEIS 2035 sized for the
respective design ranges. The design point selected for a benchmark analysis against the
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reference aircraft in Section 5.5.2.6 is represented in the figures. The battery specific energy
assumed at cell-level is 1500 Wh/kg. A sensitivity analysis with regards to the battery specific
energy is provided in Figure 5.21 assuming 1000 Wh/kg at cell-level. As demonstrated in
Figure 5.15, a large reduction in block fuel can be achieved by increasing H p,s. compared to
an advanced conventional aircraft through greater utilization of the electrical energy and an
increase in overall propulsion system efficiency resulting from the highly efficient electrical
components. However, because of the large increase in system weight due notably to the
utilization of batteries and the sizing of the electrical system, increasing H p,s. comes at the
detriment of the vehicular efficiency as it can be observed in Figure 5.16. For design ranges
below 1300 nm, block fuel reductions above 30% could be achieved for Hp,se higher than
45%.
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Figure 5.15: Relative change in block fuel versus Hgpocr. Geared-turbofan cruise throttling
[15].

The increase in aircraft weight from 30% to 60% indicated in Figure 5.17 translates into block
ESAR reduction between -5% and -20%. Between 1300 nm and 1700 nm, the reduction in
block fuel achievable is between -15% and -30% for value of Hpys. larger than 45%.

The degradation in block ESAR becomes, however, significant with values between -20% and
-30%. For design ranges above 1900 nm, no large potential in block fuel reduction could be
reached. The decrease in potential block fuel burn reduction with increasing design ranges
is the result of the higher demand in electrical energy and the resulting amplified sizing
cascading effects as highlighted in Section 5.4. Interestingly, for this concept the region of
short design range between 900 nm to 1300 nm and moderate level of Hp,s below 40%
provides large potential block fuel savings of up to 25% combined with small to moderate
reduction in vehicular efficiency.
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Figure 5.17: Relative change in MTOW versus Hgpjocr- Geared-turbofan cruise throttling [15].

5.5.2.2 Point Performance Change Versus the Degree-of-Hybridization for Use-
ful Power

The influence of increasing Hpy,se on a cruise point performance in the context of the hybrid-
electric quad-fan aircraft was examined in Pornet and Isikveren [31]. In order to gain more
insights into the efficiency interplays at aircraft level with increasing H pyse, a point perform-
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ance calculation is evaluated in Figure 5.18 at the beginning of the cruise segment.
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Figure 5.18: Point performance analysis at cruise start (ISA+10°C, FL 350, M 0.76) for a design
range of 1300 nm. Geared-turbofan cruise throttling [31].

The change in propulsion system efficiency, in aerodynamic efficiency and in aircraft weight,
which determine the change in vehicular efficiency are represented. The change in propulsion
system efficiency with growing Hpys, resulting from the increasing use of the highly efficient
electrical system, produces a change above 30% for Hpys larger than 40%. At very low
Hpyse, the change in aerodynamic efficiency measured by the change in lift-to-drag ratio is
about neutral compared to the twin-engine aircraft. The reduction in geared-turbofan size
and the benefit resulting from Reynolds number effect due to the increasing size of the air-
craft compensate the additional wetted area coming from the installation of the electrical
fans. Sized for a constant wing-loading, as the wing area is increased for a given fuselage-
wetted area, the hybrid-electric aircraft becomes aerodynamically more efficient [13]. This
explains the aerodynamic improvement at larger Hpy,s.. These benefits resulting from the
integration of the hybrid-electric propulsion system at aircraft level are however counteracted
by the large increase in aircraft weight. The installation of the additional electrical system
and the batteries result in change in aircraft weight above 40% for high value of Hp,g. As a
consequence of this intermingling between the system, structural and aerodynamic efficiency,
the cruise point ESAR remains about neutral up to an Hpygse of 25%. Above this value, the
non-linearity in weight change negates the potential benefits of the hybrid-electric propulsion
system, reaching degradation above 5% for Hpys. higher than 40%. It is worthwhile to note
that ESAR represented in Figure 5.18 is the outcome of a point calculation in contrast to the
block ESAR presented in Figure 5.16 which is an integrated value.
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5.5.2.3 Efficiency Change of the Geared-Turbofan Versus the Degree-of-Hybridization
for Useful Power

The change in geared-turbofan efficiency against increasing Hpyse is evaluated in this para-
graph as published by Pornet and Isikveren [31]. To analyze the influence of the electric fans
running at maximal available thrust during cruise on the efficiency of the geared-turbofans,
the thrust lapse of the geared-turbofan between the thrust required at TOC and the thrust
required at start cruise condition (ISA+10°C, FL350, M0.76) is illustrated in Figure 5.19.
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Figure 5.19: Analysis of the geared-turbofan efficiency variation during cruise (ISA+10°C, FL
350, M 0.76) for a design range of 1300 nm. Geared-turbofan cruise throttling
[31].

The efficiency of the conventional propulsion system is represented at start, mid-cruise and
end-cruise conditions with respect to Hpys. Recalling the TSFC bucket of the geared-
turbofans spans between 70% to 100% of the maximum thrust (see Figure 3.9), it can be
concluded that for Hp,s values up to 45%, the geared-turbofan still operates well within
the TSFC bucket. As a result the efficiency of the geared-turbofan even at mid-cruise and
end-cruise remains almost unchanged. However, for Hp, s values above 45%, the thrust lapse
increases as the thrust delivered by the electric fans during cruise increases. Consequently,
the efficiency of the geared-turbofan is slightly impaired. In Figure 3.9, the TSF'C of the
geared-turbofan is reduced by roughly 4% at a thrust setting of 60% of maximum thrust.
When computing the change in efficiency of the combustion-based system between, for in-
stance, Hpyse of 30% and 60%, a similar value of about -4% is obtained. Moreover, due
to the fuel consumed during cruise and the resulting decrease in aircraft mass, the required
thrust reduces from the start to the end of the cruise phase. As the result, the thrust lapse
incrementally increases at mid-cruise and end-cruise leading to a more pronounced part-load
operating geared-turbofan. However, this effect is counter-balanced by a corresponding re-
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duction in fuel flow with increasing Hp,se, thus the change in aircraft mass becomes less
pronounced during cruise.

5.5.2.4 Take-Off Performance Change Versus the Degree-of-Hybridization for
Useful Power

The evolution of the take-off performance according to increasing H p,s. was assessed in Por-
net and Isikveren [31]. Take-off performance was analysed according to the assumption that
the one engine inoperative (OEI) case results from a failure of the critical geared-turbofan
only, whereas the electric fans are still operating according to the electric motor power avail-
able and the off-design characteristics of the ducted fan. As the electrical fans produce a
smaller thrust contribution during takeoff, a failure of the geared turbofan is the critical case.
Moreover, this assumption can be legitimized by the knowledge that electrical components
would exhibit a greater level of reliability.
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Figure 5.20: Takeoff field length, thrust-to-weight ratios of all-engine operational and one engine
inoperative conditions against degree-of-hybridization for useful power for a design
range of 1300 nm. Geared-turbofan cruise throttling [31].

Increasing the thrust contribution of the electric fans during take-off compared to the geared-
turbofans enhances the OEI take-off performance. This is visualized by plotting in Figure
5.20 the evolution of the OEI thrust-to-weight ratio T/MTOW og; against Hpyse at a given
take-off condition (ISA, SL, M0.20). The variation of the ratio between the TOFL and the
TOFL limitation of 2200 m stipulated by the ATLRS in Section 5.1 reflects the scenario
employed for the sizing of the electric motors as discussed in Section 5.5.1.2. As the TOFL
is not a critical sizing criterion up to an Hpyse of 50%, it is an outcome of the overall siz-
ing process. According to the other active sizing criteria, the TOFL increases up until the
TOFL requirement defined in the ATLRS is reached. Consequently, the all engine operative
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(AEO) thrust-to-weight ratio T/MTOW ago decreases with increasing H pyse up to 50%. At
an Hp,se value of around 50%, the TOFL becomes the critical sizing criterion. However, it
can be observed that instead of remaining constant, T/MTOW sgo still decreases slightly.
Besides the change in aerodynamic efficiency due to sizing effects with increasing Hpyse, it is
also a result of increases in T'/MTOW gy with higher Hpyse. In other words, by increasing
Hpyse more thrust per weight is available during the OEI case.

5.5.2.5 Sensitivity Study According to Battery Gravimetric Specific Energy

The influence of lower battery specific energy on aircraft sizing and performance was assessed
in Section 5.4. The sensitivity of the quad-fan model against the technological level of the
battery was investigated by Pornet and Isikveren [31]. Figure 5.21 represents the relative
change in block fuel versus the change in block ESAR for a ep, of 1000 Wh/kg. The
reduction of the potential block fuel benefits as well as the increased degradation of the
vehicular efficiency are observable. A notable effect is the reduction in the design range for
potential fuel burn reduction achievement. Assuming 1000 Wh/kg, no significant potential
block fuel reduction is to be expected for design range above 1200 nm. In comparison, for
a epqt of 1500 Wh/kg, potential block fuel reduction could not be achieved above a design
range of 1900 nm. The level of potential savings in block fuel reduces also considerably. For
design ranges of 900 nm and 1100 nm, block fuel reduction of 23% and 16% are reached for
Hpyse of 50%. It is about half of the potential achieved assuming a epq; of 1500 Wh/kg.
The amplified sizing cascading effects of the battery weight is clearly perceived through the
significant degradation in vehicular efficiency. At a design range of 1100 nm and an Hpys. of
50% the block ESAR is reduced by more than 25% compared to the conventional twin-engine
aircraft.



5.5 Partial Parallel Hybrid Clean-Sheet Design 95

10 T T T T T
A Cargo volume/PAX = 0.14m?3
5 . 4
=2
) or h
2 1300
§ 10
= -5} 15 .
£
[}
2
S -10f -
G T
o Design Range [nm] “w
2 [
Z -15f 2
s T
o
_20 - B . N o
Study settings:
- ebattery = 1.0kwh/kg ‘ ‘ ‘ 900 ‘ ‘ ‘
-45 -40 -35 -30 -25 -20 -15 -10 -5 0

Relative change in block ESAR [%)]

Figure 5.21: Relative change in block fuel versus relative change in block ESAR. Geared-
turbofan cruise throttling [31].

5.5.2.6 Aircraft Characteristics and Benchmark

In order to gain detailed insights in the design implications of hybrid-electric propulsion
integration, the hybrid-electric quad-fan concept is benchmarked against the advanced con-
ventional reference aircraft. The analysis of this benchmark was published by Pornet and
Isikveren [31]. The design range to provide the benchmark was selected at 1300 nm. This
selection is justified by projected market analysis for YEIS 2035, which indicates that this
design range will cover 90% of the projected cumulative stage lengths for the narrow-body
class of aircraft [128, 129]. Recalling for instance Figure 5.15, since the housing of batteries is
volumetrically constrained at an Hp,s above 33% a design point with an Hp,,. of 30% was
selected for the sizing of the hybrid-electric aircraft. The selected design point is represented
in the previous design charts. With respect to the previously quoted design range and Hp, s,
the level of Hgpoer achieved is 21% as indicated in Figure 5.15. In view of highlighting the
influence of Hp,se on aircraft size, the changes in aircraft geometry according to an Hpyse
of 10%, 30% and 50% are overlayed in Figure 5.22.



96 5 Integrated Performance of Hybrid-Electric Propulsion Systems

Figure 5.22: Aircraft sizing according to Hpyse [31]

5.5.2.6.1 Aircraft Main Data Comparison of the hybrid-electric concept with the ref-
erence aircraft in Table 5.8 indicates that through the implementation of the fuel-battery
hybrid-electric propulsion system, the MTOW is increased by 28%. This large change in
MTOW was discussed in Section 5.5.2.1 and illustrated in Figure 5.17. As a result of the
sizing of the wing with constant aspect ratio and constant wing-loading, the wing area is
increased by 28% and the wing span by 13%. As a consequence, with a 39.1 m wing span
the ICAO Code C airport compatibility is violated and needs to be reclassified as Code D.
As a result of the sizing effect, the aerodynamic efficiency is increased by 5%. According to
the downsizing of geared turbofans with the introduction of electric fans, design thrust has
been reduced by 14%. It results in a modest increase in TSFC by +2% at design point.
At the selected Hpyse of 30%, the sizing criterion of the electric motors is the time-to-climb
requirement as highlighted in Section 5.5.1.2. The resulting installed power of a single electric
motor is 2220 kW. As illustrated in Figure 5.20, TOFL is increased by 13% compared to the
non-rated TOFL performance of the reference aircraft.
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’ Aircraft main data ‘ Unit ‘ Reference Aircraft ‘ Hybrid Aircraft ‘ A Ref. ‘
MTOW [kg] 60840 77730 28%
MLW [kg] 59010 76170 | 29%
OEW /MTOW [ 0.594 0538 | 9%
Design payload/MTOW -] 0.302 0.236 | -22%
Release fuel/ MTOW ] 0.104 0.075 | -28%
Total battery/MTOW ] NA 0.150 NA
T/MTOWS 1 static [ 0.320 0.200 | -12%
MTOW/S,es kg/m’] 645 645 0%
Sref (Airbus gross) [m?] 94.3 120.4 28%
Wing aspect ratio (Airbus ] 12.5 12.5 0%
gross)

Wing Span [m] 34.6 39.1 13%
Wing Leading Edge Sweep [°] 26.4 26.4 0%
Geared  Turbofan  Design [kN] 18.1 15.6 | -14%
Thrust (ISA, FL350, M0.78)

Electric fan Design Thrust [kN] NA 6.8 NA
(ISA, FL350, M0.78)

TSFC (IS4, FL350, M0.78) | [g/kN/3] 13.29 13.50 2%
Electric =~ Motor =~ Maximal (kW] NA 2220 NA
Power

L/D (initial cruise, ISA, ] 18.1 19.0 5%
FL350, MO.78, MTOW

breakes release)

TOFL (IS4, SL) m 1850 2080 | 13%
Approach speed (ISA, SL, [kts] 143 143 +0%
MLW)

Table 5.8: Main aircraft data of the reference and hybrid-electric aircraft sized at a design range
of 1300 nm and a Hpyse of 30% [31]

5.5.2.6.2 Aircraft Mass Breakdown As shown in Table 5.9, the sizing effects have
produced an outcome where the structural weight of the hybrid-electric aircraft is increased
by 17% compared to the advanced conventional aircraft. Focusing on the propulsion system,
the 14% down-size in design thrust of the geared turbofan leads to a decrease of 14% in
the combustion-based power plant weight. However, due to the installation of the electric
fans, which includes the weight of the ducted fans and of the electric motors, the combined
propulsion system weight is increased by 24%. The installation of the PMAD with 1348 kg
results in a 37% increase in electrical system weight. Consequently, the OEW of the hybrid-
electric aircraft is 16% higher. The release fuel (including block and reserves/contingency)
is reduced by 8%. The block fuel reduction was found to be around 15%. The total battery
mass installed is 11740 kg.
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’ Aircraft mass breakdown ‘ Unit ‘ Reference Aircraft ‘ Hybrid Aircraft ‘ A Ref. ‘
Structure [kg] 18440 21487 17%
Propulsion system [kg] 4132 5117 24%
- Conventional powerplant [kg] 3861 3553 -14%
- Electric motors [kg] NA 444 NA
- Ducted fans [kg] NA 1119 NA
Equipment [kg] 10012 11640 16%
- Furnishing [kg] 4435 4435 0%
- Hydraulic system (anti-icing) [kg] 173 173 0%
- Electrical system [kg] 4460 6088 37%
- - PMAD propulsion [kg] NA 1348 NA
- - Sub-systems [kg] 4460 4740 6%
- Instruments [kg] 944 944 0%
- Operational items [kg] 3580 3580 0%
OEW [kg] 36159 41818 | 16%
Payload [kg] 18360 18360 0%
Release fuel (block and reserves) [kg] 6317 5806 -8%
Total battery [kg] NA 11740 NA
MTOW [kg] 60840 77730 28%

Table 5.9: Mass breakdown of the reference and hybrid-electric aircraft sized at a design range
of 1300 nm and a Hpys. of 30% [31]

5.5.3 Electric Fan Cruise Throttling

The strategy of throttling back the geared-turbofan was assessed to be suitable up to a Hpyse
of around 45% as for higher values of Hp,s. the efficiency of the geared-turbofan degrades
due to stronger off-design part load operations. Consequently, a novel operational strategy
consisting of throttling back the electric fans during cruise while the geared turbofans operate
close to their efficiency peak is investigated in this section and the results are compared to
the cruise strategy previously investigated in Section 5.5.2. The analysis of this strategy was
published by Pornet [15].

The relative change in block fuel versus H gpjocr is illustrated in Figure 5.23. Similar trends in
terms of change in block fuel with respect to increasing Hp, . and growing design ranges are
noticeable compared to the evolutions indicated in Section 5.5.2. For a given Hpgpock, it can
be observed that the achievement in block fuel reduction are about identical when comparing
Figure 5.15 against Figure 5.23. However in the case of throttling the electric fans during
cruise, the level of Hp,,. reached is higher for an identical Hgpoer. In other words in order
to achieve the same potential in block fuel reduction, a higher useful electric power relative to
the total useful power is realized. Basically it means that for achieving the same block energy
split, a larger electric motor power needs to be installed. This trend is elucidated by the fact
that for an identical Hpys. the throttling of the electric fans during cruise results in a lower
electrical energy consumption compared to the first energy management strategy highlighted
in Section 5.5.2. For the same variation of Hp,., the reduction in electrical energy utilized
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Figure 5.25: Relative change in MTOW versus Hgpjocr- Electric fan cruise throttling [15].

during cruise results in lower value of Hgpoer. It explains the more “compact” form of the
carpet plots as observed in Figure 5.24 and in Figure 5.25. The block fuel reduction outcomes
are benchmarked against the hybrid-electric aircraft concept presented in Section 5.5.2.6 and
sized for a design range of 1300 nm and a Hpys of 30%. Utilizing the electric fans cruise
throttling strategy at an Hpyse of 30% results in a block fuel reduction of -13% for an H gpock
of 16%. This is to be compared against the -16% fuel burn reduction achieved at a Hgpock
of 21% in the case of the geared turbofan cruise throttling operation. These values illustrate
that for the same level of Hpyse, a lower level of Hgpoer is obtained. In order to attain the
same level of Hgpoer, an H pyse level of 35% would need to be reached. At this level of Hpyse,
around the same level of block fuel reduction would be achieved.

The change in energy resulting from the different system management strategies are revealed
in Figure 5.24 which illustrates the change in block ESAR against Hgpoer- Throttling back
the electrical fans while the geared turbofans run close to their maximum efficiency during
cruise leads to a slight increase of block ESAR with Hp,s. as the overall propulsion system
efficiency is improved through the use of the efficient electrical system. It can be noticed that
block ESAR remains almost independent of Hp,,. for short design ranges. The decrease in
block ESAR at higher design ranges with increasing level of Hp,. is attributable to sizing
cascade effects resulting from the higher electric energy requirement which leads to large
increase in aircraft mass as illustrated in Figure 5.17. However, the difference in delta block
ESAR remains small between the different strategies for a given Hpgpocr. Following the
electric fans cruise throttling strategy, a degradation of -3% in ESAR is observed at Hpyse of
30% and a design range of 1300 nm compared to the -7% for the benchmarked hybrid-electric
aircraft in Section 5.5.2.6. For the same level of Hgpoer of 21% achieved with an Hpyge of
35%, the ESAR is reduced by a similar value of around -6%.
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Figure 5.25 illustrates the change in MTOW versus the change in Hgpjocr for the electric fans
cruise throttling strategy. The increasing change in MTOW with growing design ranges and
raising level of Hpyse is clearly noticeable. For identical Hpgpjocr, similar values in MTOW
change are observable when comparing the different energy management strategies. At an
Hpyse of 30% and a design range of 1300 nm, a 24% MTOW change is observed compared
to the 28% quoted for the hybrid-electric aircraft benchmarked in Section 5.5.2.6. For the
same level of Hgpjoer of 21% reached with an Hp,, of 35%, an identical change in MTOW
is observed.

In view of the outcomes, the operational strategy of throttling the electric fans during cruise
is interesting when designing hybrid-electric aircraft concepts for large values of Hp,s.. The
geared turbofan throttling strategy remains suitable for low-to-moderate values of Hp, g as
the shape of the T'SFC bucket enables variation in thrust while the efficiency of the geared
turbofan remains close to optimum.

5.5.4 Optimum Flight Technique

The influence of Hpyse on flight technique optimality together with the implications to op-
erational procedures are investigated in the context of the hybrid-electric quad-fan concept
according to the geared turbofan cruise throttling strategy. The assessment of the optimum
flight techniques of the hybrid-electric quad-fan aircraft concept was published in [31]. The
ESAR change is analysed versus the altitude-speed sensitivity for an aircraft sized at a design
range of 1300 nm, a typical TOC gross-weight scenario of 98% MTOW. The ESAR sensitivity
of the hybrid-electric quad-fan aircraft is evaluated against increasing value of Hpyse. The
altitude-speed sensitivity of the reference aircraft is illustrated in Figure 5.26. As the reference
aircraft is kerosene based only, using SAR or COSAR would lead to the identification of the
same flight techniques optimum as when utilizing ESAR. The sensitivity in terms of ESAR
for the hybrid-electric aircraft is illustrated in Figure 5.27, Figure 5.28 and Figure 5.29 for a
Hpyse of 25%, 30% and 40% respectively. The analysis of the speed and altitude evolution
for maximum ESAR indicates that the optimum flight technique tends towards lower speed
and lower altitude with increasing Hpy,s. compared to the reference aircraft. At an Hpyge of
25%, the maximum ESAR is found to be M0.70/FL345. At an Hpyse of 30% the optimum
is at M0.69/FL335. At an Hpyse of 40% the ESAR optimum occurs at M0.67/FL310. A
similar trend was already identified when comparing the flight technique optimality of an
universally-electric aircraft concept [10] against a projected gas-turbine only aircraft [104].
The change in altitude-speed optimality depends on the evolution of the overall propulsion
system efficiency and of the aerodynamic efficiency characteristics with speed and altitude.
For increasing Hpyse, the flight technique optimality of the hybrid-electric aircraft is driven
more importantly by the characteristics of the electric fans as they produce a larger pro-
portion of the thrust. The change in electrical propulsion system efficiency depends only on
the change of the propulsor efficiency of the ducted-fans with altitude-speed variation. The
electrical components are assumed to be suitably thermally managed resulting in a constant
efficiency with altitude and speed. Except for the battery, the additional assumption was
made that the efficiency of the components remains independent of the operating condition.
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As the study is conducted on a point performance analysis, the efficiency of the battery is as-
sumed constant at the point calculation. As a result, the change in overall propulsion system
efficiency with speed-altitude becomes less pronounced when Hp, . increases. Consequently,
ESAR optimality is mainly driven by the sensitivity of the aerodynamic polar characteristics
of the aircraft governed by speed and altitude. These characteristics tend notably to slow
the optimum speed of the aircraft and to lower the flight altitude as detailed in [31]. How-
ever, when considering the long-range cruise flight technique determined by the 99% ESAR
condition, only a slight reduction in terms of optimum speed is observed while the optimum
altitude is not changed compared to the reference aircraft. Moreover, it can be observed
that the Mach margin between maximum ESAR and 99% ESAR becomes greater with in-
creasing Hp,se. The LERC altitude-speed technique of the hybrid-electric aircraft results
in M0.72/FL350 for Hpyse of 25%, M0.72/FL350 for Hpyse of 30%, and, M0.71/FL350 for
Hpyse of 40% compared to the LERC at M0.73/FL350 for the reference aircraft. In conclu-
sion the flight technique optimization of hybrid-electric aircraft will not be strongly affected
by the level of Hpys. Commercial transport network routes will not be disrupted by the
integration of hybrid-electric aircraft within current turbofan airliners fleet.
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Figure 5.30: COSAR speed sensitivity of the reference aircraft versus gross-weight variation at
1300 nm, FL 350 and a specific fuel price of 6.00 USD/USG [31]

To gain more insights into the implications of the hybrid-electric propulsion system on flight
technique optimization, the speed sensitivities based on the COSAR metric are represented
at FL350 versus a variation in gross-weight and in Mach number. Like in Section 5.3.4 the
fuel price is set at a constant 6.00 USD/USG, whereas the electricity price is varied assuming
0.07 USD/kWh and 0.16 USD/kWh. In Figure 5.30, the variation of the optimum speeds
MCRC and LRC of the reference aircraft are represented against variation in gross-weight
and Mach number. The optimum speeds MRC, MCRC, MERC and LRC are indicated in
Figure 5.31 for the assessment of the optimum flight techniques of the hybrid-electric air-
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Figure 5.31: COSAR speed sensitivity versus gross weight variation at 1300 nm, Hp,s. 30%, FL
350, a specific fuel price of 6.00 USD/USG and for variation in specific electricity
price [31]

craft. The energy management strategy investigated in these plots is the throttling of the
geared-turbofan during cruise, the electric fans run at their maximum thrust during cruise.
Consequently, the electrical energy consumed is mainly a function of flight time. This para-
meter depends directly on the flight speed. By flying faster, the cruise time is decreased for
a given stage length, reducing the electrical energy required during cruise. This operating
characteristic of the propulsion system leads to a MERC optimum speed higher than the
MRC reflecting the fact that the condition for minimum energy occurs at higher speed than
for minimum fuel consumption. The increase in MERC is however counteracted by the larger
in fuel consumption occurring at higher speed. The change in optimum speed between MRC
and MERC is found to be rather small. The MCRC tends to an optimum speed slower than
that of the MERC optimum, but still slightly faster than that of the MRC optimum speed
when the specific electricity price is 0.07 USD/kWh. This is explained by the fact that under
this market price condition, the fuel energy cost has a higher contribution to the COSAR
metric. The MCRC and MERC coincides for a specific electricity price is 0.16 USD/kWh as
the fuel price and the electricity price are equally weighted in the COSAR metric. The change
in optimum speed sensitivity using either MERC or MCRC speeds remain small compared
to the reference aircraft.
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Chapter 6

Conclusion and Outlook

A comprehensive development of conceptual design methods was proposed in this thesis in or-
der to resolve the shortcomings of traditional methods for the sizing and performance analysis
of hybrid-electric transport aircraft. Concerned by the utilization of legacy programs in in-
dustry, the methods were developed with the constraints of being implemented in traditional
sizing and performance programs. In particular, the consideration of the electricity as an ad-
ditional energy source to the fuel energy within the sizing and performance environment was
dealt within the methods. In traditional sizing and performance environment, the propulsion
system is commonly interfaced via thrust and fuel flow tables. By conserving the format of
these tables and adding the electric power required at the electric energy and power device
as an additional output in the fuel flow table, the electric energy could be mapped out in the
sizing and performance environment while ensuring the compatibility of the methods with
traditional programs. The engineering components constituting the hybrid-electric system
including the electric energy and power devices as well as their interfaces within the propul-
sion and power system were established by the methods. The integration of the propulsion
system enabled to compute the electric energy consumed and the maximum thrust available
as a function of the operational utilization, intrinsic efficiency and power characteristics of
the hybrid-electric propulsion system. Finally, the methods established the overall aircraft
sizing process to determine the sizing and integrated performance analysis of hybrid-electric
transport aircraft.

The design of hybrid-electric transport aircraft required the formulation of metrics for the
evaluation of optimum flight techniques. Methods for optimum flight techniques identification
of hybrid-electric transport aircraft were consequently proposed. Considering the different
market prices of the energy sources, the cost specific air range (COSAR) metric was developed
to enable the flight profile optimization of hybrid-electric transport aircraft according to min-
imum energy cost. Moreover, cost index (CI) metrics definition for hybrid-electric aircraft
were developed to determine the economical flight profile of hybrid-electric aircraft by taking
into consideration the cost of time in addition to the cost of energy.

The methods were employed for the design of fuel-battery narrow-body transport aircraft
accommodating 180 passengers (PAX) in order to investigate the integration implications
of hybrid-electric propulsion system at aircraft level and to establish design heuristics and
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sizing axioms. Starting with the retrofit of a narrow-body aircraft, the topological approach
consisted of installing an electric motor powered by batteries on the shaft of the gas-turbine
to support its operation during cruise and climb. By installing an electric propulsion sys-
tem in parallel to the conventional gas-turbine, the role of new design parameters such as
the degree-of-hybridization for power (Hp) and the introduction of new constraint in the
sizing process of hybrid-electric aircraft due to the characteristics of the battery as energy
and power device in the sizing of hybrid-electric transport aircraft were highlighted. Due
to the intrinsic nature of a retrofit, the installation of the additional electrical system was
constrained by the certified maximum take-off weight (MTOW) of the aircraft. Aiming to
achieve minimum fuel at maximum utilization stage length of the aircraft, the hybrid-electric
system was sized for a 900 nautical miles (nm) mission. The sizing of the propulsion system
was found to be an interplay between maximum power of the electric motor installed, which
mainly determined the mass of the associated electrical system, total battery mass and the
potential block fuel reduction under the constraint of the MTOW and the state-of-charge of
the battery. By supporting the gas-turbine utilizing the electric motor during cruise, a block
fuel reduction of -13% could be achieved compared to the reference conventional aircraft
when assuming a gravimetric specific energy of 1500 Wh/kg at cell-level. When utilizing the
electric motor during climb and cruise, block fuel reduction was increased to -16%. In view of
taking the overall aircraft sizing effects into consideration and to determine the market range
application of hybrid-electric transport aircraft, clean-sheet designs of narrow-body aircraft
were investigated.

In this regards, the design of a hybrid-electric narrow-body aircraft was investigated by in-
stalling an electric motor in parallel to the shaft of one gas-turbine of the twin-engine aircraft.
Running an electric motor in parallel to a gas-turbine impacts the operational characteristics
of the gas-turbine. Forced to operate into part-load, it leads notably to a reduction of its
efficiency. In order not to impact the design axiom of the gas-turbine and perturb its oper-
ation, the operational strategy selected in this investigation was to drive the ducted-fan by
the electric motor itself during cruise while the gas-turbine is shut down. The other segments
of the mission were performed conventionally using the two gas-turbines. As a result, the
degree-of-hybridization for useful power (Hpyse) was fixed to 50% during cruise. In order
to analyze the best suited design range for the application of this concept, the aircraft was
sized for interval design ranges between 900 nm to 2100 nm. Moreover the influence of bat-
tery technology on the aircraft sizing and performance was assessed by varying the battery
specific energy between 750 Wh/kg and 1500 Wh/keg. Comparing the performance of the
hybrid-electric aircraft, to a suitably projected reference aircraft for year entry-into-service
2035, it was found that the greatest block fuel reduction potential was achieved for design
ranges reflecting the regional market segment. Assuming a battery specific energy at cell-
level of 1500 Wh/kg, 1000 Wh/kg and 750 Wh/kg, block fuel reduction of -20%, -12% and
-2% could be achieved respectively at 1100 nm. Besides the potential benefit in terms of
emissions reduction, the total energy consumption was examined based on energy specific air
range (ESAR), the vehicular efficiency metric. The results shown that the vehicular efficiency
of the hybrid-electric aircraft was for most design ranges investigated degraded compared to
the advanced reference aircraft. This trend was to be explained by the significant change in
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aircraft mass due to the additional electrical system and the utilization of batteries. Only
at a design range of 1100 nm and assuming a battery technology of 1500 Wh/kg, a neutral
energy outcome was reached. For higher design ranges or lower battery technology state, the
vehicular efficiency was impaired due to the amplified sizing effects. Moreover, the volumetric
constraint of the fuselage for the installation of the batteries was found to be a limitation in
order to provide similar baggage volume standard in the cargo compartment to contemporary
regional aircraft.

Motivated by the analysis of the influence of increasing Hp,s. on overall aircraft design, the
integrated performance of a partial parallel hybrid-electric system was assessed. Benefiting
from the capability offered by aircraft vehicle to distribute the thrust, a quad-fan arrangement
composed of two geared-turbofans and two electric fans was investigated on a narrow-body
transport aircraft. Because the electric propulsion system is completely decoupled from the
conventional propulsion system, it allows for free variation of the degree-of-hybridization for
power. A first operational strategy selected was to run the electric fan at its maximum thrust
available during the mission while the geared-turbofan is throttle back during cruise. This
strategy was found to be pertinent up to a degree-of-hybridization for power of around 45%.
Above this value, the efficiency of the gas-turbine starts to be impaired because of stronger
part-load operations. The performance assessment indicated that for increasing degree-of-
hybridization for power, the block reduction potential increases however at the detriment of
the vehicular efficiency. This is the result of the mass impact of the battery and the electrical
system. The potential in block reduction decreases however for higher design ranges and
lower battery technological state. Assuming a gravimetric specific energy of 1500 Wh/kg at
cell-level and for design ranges below 1300 nm, block fuel reductions beyond 30% could be
achieved at degree-of-hybridization for power of 50% while the block ESAR reduces to values
between -5% and -15%. Between 1300 nm and 1700 nm, the reduction in block fuel achievable
is between -20% and -30%. The degradation in block ESAR becomes, however, significant
with values between -20% and -30%. For design ranges above 2100 nm, no potential block
fuel reduction could be reached.

In the context of this hybrid-electric quad-fans concept, a second operational scheme was
analysed by throttling the electric motors during cruise while the geared-turbofans run close
to their peak efficiency. The main implication of this different operational strategy is on the
sizing of the electrical system. As a result of the throttling of the electric motors during
cruise less electrical energy is utilized. Consequently in order to reach an identical degree-
of-hybridization for energy (Hg) as with the previous strategy, an higher Hp needs to be
achieved. This translates basically into the installation of a higher electrical motor power.
At the same level of Hg, however, similar changes in terms of block fuel reduction, vehicular
efficiency and MTOW were evaluated. The operational strategy of throttling the electric fans
during cruise is interesting when designing hybrid-electric aircraft concepts for large values
of Hpyse as it avoids the efficiency degradation of the geared-turbofans.

Beyond the sizing and integrated performance analysis, the flight techniques of the hybrid-
electric quad-fans concept were analysed considering the geared-turbofan throttling strategy
during cruise. Increasing Hp,s. was found to have a tendency to reduce the optimum speed.
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However, if the strategy of the long range cruise (LRC) speed is followed, it does not affect
the contemporary altitude-speed flight technique of conventional aircraft.

These integrated aircraft performance analyses indicate that the application of fuel-battery
hybrid-electric propulsion to transport aircraft seems limited to the high-density PAX re-
gional market segment and for low-to-moderate values of Hp. However, the investigation of
higher synergistic integration of the hybrid-electric propulsion system needs to be further pur-
sued particularly in combination with technologies such as distributed propulsion. Moreover,
in view of notably reducing the technological requirements imposed to the batteries, partial
turboelectric systems need to be assessed in future work.

For achieving optimum energy management strategies, the methods will need to be further
developed to introduce optimum power allocation schedule and control into the sizing scheme.
The synergistic integration of the propulsion system at aircraft level through tightly inter-
laced coupling with the airframe and the other systems on-board the aircraft as well as the
establishment of optimum control strategies will enable to reveal the full potential of the
application of hybrid-electric propulsion system to transport aircraft. Although optimisation
studies were not constructed in the thesis, the presented methods offer the methodological
components to facilitate hyper-dimensional, multi-objective and multi-constraint optimiza-
tion.

In the context of the hybrid-electric aircraft concepts investigated, the analyse of aircraft
performance were focused on the design mission. Off-design mission performance and in par-
ticular the trade between the payload and the range determined by the combined use of fuel
and batteries as energy source need to be established to compare the operational transport
capability of hybrid-electric aircraft against conventional fuel-only aircraft.

While the introduction of the COSAR metric bridged technical evaluation to economics
analysis, the inclusion in design charts of constraint lines related to economics in order to
select “best and balanced” aircraft concepts requires rigorous assessment of the economics
implications resulting from the integration and operation of hybrid-electric propulsion sys-
tem. Moreover, economics analysis need to be included in further work as they can drive
the aircraft morphological selection. The economics analysis must be further expanded to
cover the overall life cycle assessment of hybrid-electric aircraft to provide wells-to-wheels
comparison to kerosene-based aircraft.
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The aircraft synthesis procedure presented in Figure 3.2 is applicable for any hybrid-electric

topologies discussed in Section 2.1. However, in the case of partial parallel hybrid systems, a

more practical sizing procedure can be deployed as represented in Figure A.1. This procedure

was followed for the integrated performance assessment of a partial parallel hybrid system

presented in Section 5.5.

Aircraft Top Level Requirements
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Figure A.1: Aircraft synthesis procedure for partial hybrid parallel system
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The most common conventional powerplant system for a commercial transport aircraft is
a turbofan. The thrust and fuel flow tables of a turbofan model can be generated using
gas-turbine performance software as discussed in Section 3.1.3. Instead of decoupling the
thrust production from the energy generation as in the approach presented in Figure 3.2,
the performance properties of the turbofans can be directly mapped into the aircraft sizing
procedure. As shown in Figure A.1, the thrust and fuel flow maps of the turbofan discussed in
Section 3.2.3.1 are directly interfaced in the process. According to the ratio of Ty.s/MTOW
the total design thrust requirement 7y, is calculated for an initial value of MTOW. With
the formulation of a degree of hybridization for useful power Hp,s, the design thrust of the
turbofan Ty.s7F and of the electrical fan Ty, pr is calculated as demonstrated in Section
3.2.6.1. Tyes 7F enables the computation of the maximum thrust of the turbofan 75,4, 7F and
the fuel flow characteristics. T}z 7 is used for the computation of the the maximum thrust
of the overall propulsion system T},,, stored in the thrust table. The fuel flow is directly
linked to the fuel flow parameter in the energy table.

As a side note, for a commercial transport aircraft equipped with turboprops both procedures
can be practically employed. Either the thrust and fuel flow characteristics of the turboprops
are computed in maps and interfaced with the aircraft environment as presented in Figure
A.1. Or the turboprop is split between a propeller model and a turboshaft model interfaced
as in Figure 3.2. The propeller model is integrated as a propulsive device with a performance
map. The turboshaft model is implemented as a combustion engine with a power map and
an efficiency map as discussed in Section 3.2.3.3.



