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SUMMARY

Growing concerns about the environment have led to aviation agencies around the world

such as NASA, IATA and ACARE to set targets to curb noise, emissions and fuel consump-

tion in coming years. To reach these goals, several research groups have proposed different

aircraft technologies and concepts in the areas of unconventional airframe con�gurations

(blended wing body, truss-braced wing, etc.), advanced propulsion systems (open rotor en-

gines, electri�ed propulsion, etc.), alternative energy sources (hydrogen, battery, sustain-

able aviation jet fuels, etc.) as well as propulsion-airframe integration concepts (distributed

propulsion, boundary layer ingestion, etc.). Numerous concepts can be derived by com-

bining the different choices for airframe, powertrain con�gurations and energy sources,

making up a large architecture space. Many of these alternatives have not yet been stud-

ied by the industry. The choice of a new aircraft design is dependent on several factors,

primarily the requirements and environmental targets, technology parameters and cost.

Most of these technologies are still being developed and therefore, there is a large

amount of uncertainty associated. Furthermore, there are many other considerations apart

from performance such as infrastructure, development cost and risk. Last, the selection

of an aircraft architecture is also dependent on the environment targets set by the industry.

For aggressive targets which may require more than one revolutionary technology, the tech-

nologies will have to be gradually introduced over multiple generations since aviation is a

risk-averse industry. It is imperative that any drastic design change be comprehensively

tested. This calls for a collective development plan from the whole industry, including

aircraft manufacturers, airlines, airports, suppliers, etc, to roadmap the introduction of dif-

ferent technologies and evolution of aircraft architectures over time.

This research aims to propose a methodology for rapid generation and assessment of

architectures in order to identify promising ones that are capable of meeting future envi-

ronmental goals. There are 3 key aspects to this problem - generation of alternatives, eval-
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uation of the design space for the architectures, and �nally and optimization of the aircraft

designs. The proposed framework is then applied to a canonical example to demonstrate

its capabilities.

Generation of alternatives considering the aforementioned architecture space is gener-

ally carried out by subject matter experts based on prior knowledge and qualitative rea-

soning. With a vast architecture space, this is a tedious process. Hence, automating the

architecture generation is desired. In order to complete this sub-objective, Constraint Pro-

gramming is proposed as the method to populate architecture alternatives given the com-

patibility between different components.

Furthermore, since many of the architecture choices have not been fully investigated,

there is a lack of reliable historical data. Many of the new conceptual design methods and

tools being developed require detailed knowledge of the aircraft, which is unavailable at

the time of architecture selection. Therefore, there is a need for a ”pre-conceptual” de-

sign method to quickly evaluate and optimize architecture alternatives with fewer design

details and consistent set of assumptions and requirements. Parameters are proposed such

that the power and the energy split between different components, and the path for power

�ow to the thrust producing device from the energy source represent the design space for

each architecture. Key Performance Indicators such as global chain ef�ciency, energy spe-

ci�c air range and thrust speci�c power consumption are determined using the proposed

parameters.

Traditionally, aircraft weight has been used as the primary objective in aircraft design,

serving as a surrogate for cost. However, new concepts being researched today are moti-

vated by environmental metrics such as carbon emissions, energy consumption, noise, etc.

While the primary goal of the aviation industry is to achieve net zero emissions by 2050,

optimizing for emissions alone is expected to result in heavier and more expensive aircraft

due to current technology. Therefore, multi-objective optimization algorithms are imple-

mented to optimize each design with aircraft weight, energy consumption and emissions as
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the three objectives, while meeting all aircraft requirements such as payload, range, cruise

velocity and altitude, etc.

A complete methodology that includes architecture generation, evaluation and opti-

mization of architecture designs is proposed. This methodology is generalized and ap-

plicable to different aircraft concepts. The individual hypotheses are veri�ed through the

designed experiments. And capability of the entire methodology is demonstrated in the

�nal use case along with a study on technology sensitivity.
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CHAPTER 1

INTRODUCTION & BACKGROUND

The aviation industry is growing with the number of passengers increasing all over the

world. In the last three decades, there was an annual growth of 4.8%, despite several inter-

national crises like SARS pandemic, Gulf wars and recessions [1]. Aviation was expected

to grow by about 5% each year [2, 3] before the Covid-19 global pandemic. The energy

consumption by the aviation industry made up for about 7.5% of the total transportation en-

ergy consumption as of 2019 and about 10% of the total fuel consumption as of 2011 [3].

Due to growing demand, energy consumption is estimated to increase by approximately

12% by the year 2050 as seen in Fig. 1.1 [4]. Aviation also currently produces 2-3% of the

global Carbon dioxide (CO2) emissions, and this is expected to double by 2050 [2].

Figure 1.1: Transportation sector energy consumption by (a) travel mode (b) fuel type [4]

Agencies around the world have announced certain environmental goals for the avia-

tion industry to decrease fuel burn, noise and carbon emissions. Figure 1.2 summarizes the

performance and environmental goals set by the National Aeronautics and Space Admin-

istration (NASA) for the next generations of aircraft [5]. The International Air Transport

Association (IATA) is aiming ”to improve fuel ef�ciency by an average of 1.5% per year till
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2020, stabilize carbon emissions from 2020 with carbon-neutral growth and achieve a net

reduction in carbon emissions of 50% by 2050 compared to 2005” [6, 7]. The European

Commission and the Advisory Council for Aviation Research and Innovation in Europe

(ACARE) announced Flightpath 2050, which is their vision to reduceCO2 emissions by

75% per passenger kilometre by 2050 [8]. In order to achieve these aggressive goals, air-

craft design requires some drastic changes. Both industry and academia are researching

new designs and technologies such as electri�ed propulsion, hydrogen-powered aircraft

and innovative aircraft con�gurations like truss-braced wing and blended wing body.

Figure 1.2: NASA Performance and Environmental Goals (adapted from [5])

1.1 New Aircraft Concepts and Technologies

While there are several new research avenues being pursued to address the aforementioned

environmental concerns, all technologies and concepts are primarily categorized into four

main areas in this thesis - evolutionary technologies, unconventional aircraft con�gurations,

alternative energy sources and advanced propulsion systems.

Evolutionary technologies refer to technologies that improve the performance of exist-

ing aircraft systems or represent a new method of manufacturing or operations. These in-
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clude aerodynamic technologies such as simpli�ed high lift systems, natural laminar �ow;

airframe technologies such as damage arresting stitched composites; and engine technolo-

gies such as highly loaded turbine, ceramic matrix composites for turbine blades and sta-

tors. There are several new technologies that can be categorized as evolutionary technolo-

gies. Several projects such as the Advanced Air Transportation Technologies (AATT), En-

vironmentally Responsible Aviation (ERA), Independent Expert Integrated Review (IEIR),

etc. include a detailed description of several such technologies. However, these technolo-

gies by themselves are insuf�cient to meet environmental goals as shown in Fig. There-

fore, revolutionary concepts and technologies such as unconventional airframes, advanced

propulsion systems, alternative energy sources are necessary. The current research in these

areas is summarized in the following sections.

1.1.1 UnconventionalAircraft Con�gurations

Unconventional aircraft con�gurations refer to new layouts for the shape and positioning

of the fuselage, wings, tail, etc. In order to improve the aerodynamics of aircraft, un-

conventional con�gurations such as Blended Wing Body (BWB) [9], Double Bubble [5]

and Truss-braced Wing (TBW) [10] have been proposed. BWB refers to the unique shape

which combines the fuselage, wings and propulsion system, resulting in an integrated lay-

out as shown in Fig. 1.3a. Aircraft with this con�guration bene�t from lower wetted area

and relaxed static stability due to the ef�cient use of the wing space and optimum span

loading [11], leading to an increase in aerodynamic Lift-to-drag ratio (L=D), lower takeoff

weight and lower fuel burn. Studies by NASA and Boeing have shown a reduction in fuel

consumption by 13-27% [11, 12].

The D8 Series (Double Bubble), developed by Massachusetts Institute of Technology,

is a double tube and wing aircraft design consisting of two adjoining fuselages that cre-

ate a lifting body [5] as shown in Fig.1.3b. The D8 Series was found to meet 3 out of 4

NASA N+3 performance and environmental goals - approximately 70% fuel burn reduc-
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tion, 87% Nitrogen oxides (NOx ) reduction and 5000 ft �eld length, falling short in noise

reduction [5].

(a) Blended Wing Body Aircraft [9]

(b) D8 Series (Double Bubble) Concept [5] (c) Truss-braced Wing Aircraft Concept [10]

Figure 1.3: Unconventional Aircraft Con�gurations

Boeing developed several advanced concepts in response to NASA's N+3 performance

goals that include a high-span truss-braced wing, parallel hybrid propulsion with alterna-

tive energy sources like fuel cells and lique�ed natural gas (LNG). TBW aircraft consist

of a fuselage supporting the wing using primary wing and jury struts as shown in Fig.1.3c

[13]. This concept called Subsonic Ultra Green Aircraft Research (SUGAR) High with ad-

vanced N+4 components showed a fuel burn reduction of 54.5% relative to a 2030 baseline

(SUGAR Free) [1].

1.1.2 AlternativeEnergySources

An active area of research to reduce energy consumption and emissions pertains to alter-

native energy sources that include both drop-in and non-drop in fuels such as biofuels,

sustainable alternative jet fuels and cryogenic fuels such as hydrogen and methane, as well

as battery-based or fuel cell based electric propulsion systems.
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Sustainable Aviation Fuels and Biofuels

Biofuels refer to ones produced from biological resources, both plant and animal-based.

Sustainable Aviation Fuels (SAF), on the other hand, can be produced from both biological

and non-biological resources that are sourced in a sustainable matter. Biological sources

include cooking oil, cellulosic waste, Jatropha, algae, halophytes, etc. Non-biological jet

fuels involve processes that convert electrical energy, water andCO2 [14, 15, 16].

Figure 1.4: Equivalent emissions for different conventional and alternative fuels (adapted
from [3])

The use of biofuels and SAF in aircraft, instead of conventional jet fuel could signi�-

cantly reduceCO2 emissions across the fuels' life-cycles, up to even 80% in some cases

[16] as shown in Figure 1.4 [3]. The amount ofCO2 produced by burning these alternative

fuels is roughly equal to the amount ofCO2 absorbed by plants during their growth. How-

ever, emissions during the production of SAF, transportation, re�nement, etc. contribute

to the life-cycle emissions. A study by the European Union estimate that synthetic fuels

could reduce emissions by 30-60% [17].

These fuels provide several advantages over other energy alternatives like fuel cells

or batteries. These fuels are developed as 'drop-in' substitutes for conventional jet fuels.
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They can be used directly or blended with jet fuel such that the speci�cations match that

of conventional jet fuel. They do not require any modi�cations to aircraft engines or the

airport infrastructure, and can be used in current aircraft �eets.

Ongoing research in this �eld includes detailed analyses and determination of bene�ts,

the development of possible feedstock, the determination of the most cost-effective conver-

sion technology as well as testing and certi�cation [18]. Blakey et al. [19] investigated the

impact of alternative fuels on aircraft performance based on their speci�cations. Figure 1.5

illustrates the results obtained for a Boeing 737-like aircraft.

Figure 1.5: Payload-Range diagram for different alternative fuels for a Boeing 737-like
aircraft (adapted from [19])

Several airlines have demonstrated the feasibility of these fuels by testing them on Boe-

ing, Airbus and Embraer aircraft [20, 21]. However, major challenges hindering widespread

usage are - feedstock availability and cost of conversion from feed-stock to jet fuel.

Hydrogen fuels

Hydrogen is considered a very promising candidate for an alternative fuel for eco-friendly,

sustainable aviation since it is abundantly available in the environment and has the potential

to produce zero emissions (depending on how the fuel is obtained and transported along the
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supply chain) with only contrails as the sole product of combustion [17, 22, 23]. Hydrogen

can be stored either in gaseous form or liquid form. However, Liquid Hydrogen (LH 2)

is preferred for aerospace applications since gaseous hydrogen requires higher weight and

volume [24].

LH 2 as a fuel can be used to power aircraft either through hydrogen combustion in the

gas turbine or through fuel cells.LH 2 could signi�cantly bene�t the environment since

it can reduce in-�ight carbon emissions and furthermore, can be obtained through carbon-

free production. Studies indicate thatLH 2 combustion can reduce in-�ight emissions by

50-75% and fuel cell propulsion by 75-90% [17]. Although hydrogen propulsion has clear

bene�ts with a gravimetric speci�c energy or energy per unit weight, three times that of

kerosene, one of its major drawback is the volumetric speci�c energy (energy per unit

volume). In order for hydrogen tanks to �t into larger aircraft, the fuselage will need to be

sized up. Additionally, unlike biofuels and SAJFs, new infrastructure will need to be built

to support bothLH 2 combustion as well as fuel cell powered aircraft.

A study by the European Union assessing the feasibility of hydrogen propulsion for all

aircraft classes concluded thatLH 2 propulsion was viable for commuter, regional, short-

range and medium-range aircraft [17]. For longer range aircraft,LH 2 propulsion although

feasible was not economical. Due to its low volumetric speci�c energy, the extended fuse-

lage would result in 40- 50% increase in cost per passenger [17].

Airbus recently unveiled three hydrogen powered aircraft concepts called ZEROe with

the objective to develop the world's �rst commercial zero emission aircraft by 2035 [25].

These concepts are powered by hydrogen combustion with modi�ed gas turbine engines

with expected range of 1000+ nmi for the 100 passenger (pax) concepts and 2000+ nmi for

the 200-pax concept.
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Battery

Battery-powered electric propulsion has been of interest to the aviation industry for decades.

Low speci�c energy of batteries have prevented electric aircraft from being viable options

in the past. However, with new environmental goals of reduced fuel consumption, noise

and emissions, there has been a renewed interest in battery-powered aircraft, resulting in

a signi�cant push to develop high energy density batteries faster. With improving battery

technology, several new concepts have been proposed and even demonstrated for smaller

aircraft such as the Airbus E-Fan.

Apart from the obvious reduction in fuel burn, emissions and noise, electric propulsion

also provides several other advantages. The electrical components are more ef�cient than

gas turbine components. The energy conversion ef�ciency from the energy storage device

to the thrust producing device in battery-powered systems could be 40-46% higher than gas

turbine engines [26]. Next, electric motors require less maintenance than the turbine engine

since they have fewer moving parts and are more reliable. Furthermore, variable-pitch pro-

pellers can be avoided with the use of electric motors since the operating envelope in terms

of torque vs. speed is much wider [27]. Last, electric propulsion allows the decoupling of

engine shafts and propellers, allowing them to operate at their optimum speed. This also

enables distributed propulsion which, in turn, can lead to improved aerodynamics for the

aircraft. All of these advantages also translate to lower maintenance and operating costs for

airlines.

However, even with signi�cant improvement in the technology over the years, there

are still challenges with battery-powered electric propulsion for larger aircraft. Unlike

automotives, aircraft performance is very sensitive to system weights and, in some cases,

the battery weights might even restrict the feasibility of the aircraft concept. As shown in

Figure 1.6, batteries have a much lower speci�c energy and speci�c power compared to

combustion engines. This implies that state-of-art lithium-ion batteries used in cars and

other automotives would weigh approximately 10 times more than combustion engines.
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Even for small aircraft, the weight of the battery places a major restriction on the aircraft

range. Currently, the maximum achievable range for smaller (1-4 seater) passenger aircraft

is approximately 250 nautical miles [28].

Figure 1.6: Ragone chart showing power densities vs. energy densities for different energy
storage devices [29]

Apart from batteries, electric motor technology also needs to be developed. Either

electric motors end up being too heavy to meet the large power requirement for aircraft

or the lightweight ones are unable to produce the required power output [26]. As shown

in Figure 1.7, electric motors available today have lower speci�c powers compared to gas

turbine engines, although research and development of higher speci�c power motors is still

ongoing. Therefore, current battery and electric motor technology is insuf�cient to fully

power large aircraft.

Other challenges for electric propulsion include possible redesigning of aircraft to allow

for safe and easy installation and charging of batteries on-board, new infrastructure for

the charging of batteries at airports, additional turn-around time for recharge, certi�cation

requirements for electric aircraft, etc.
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Figure 1.7: Power vs. Speci�c Power for piston engines, turbine engines and electric
motors [26]

Fuel Cells

A fuel cell is an electro-chemical device that converts chemical energy stored in a fuel

into electricity. The most commonly used fuel is hydrogen, which is a clean source of

energy with electricity, water and heat as the only by-products, thereby eliminating carbon

emissions. Hydrogen has three times the gravimetric energy density or speci�c energy

than conventional jet fuel, making fuel cell powered aircraft potentially much lighter than

aircraft today. This makes fuel cell systems promising for longer range �ights [30].

However, the volumetric energy density (energy per unit volume) of hydrogen is one-

fourth that of conventional jet fuel. This makes it harder to carry hydrogen tanks in the

aircraft wings. Nevertheless, unconventional aircraft con�gurations such as the BWB can

provide the required volumetric space for hydrogen tanks [31, 32].

Similar to the introduction of battery powered aircraft, aircraft propulsion systems will

need to be redesigned and new airport infrastructure will be required to supply liquid hy-

drogen and refuel the tanks.

Proof of concept for hydrogen fuel cell aircraft has been shown by demonstrator air-

craft. Boeing developed and tested a liquid hydrogen-fueled unmanned aircraft system,

Phantom Eye for surveillance and reconnaissance [33]. The feasibility of fuel cell sys-
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tem propulsion for passenger aircraft was demonstrated by a four-seater passenger aircraft,

HY4, for the �rst time in 2016 [34], shown in Fig. 1.8.

Figure 1.8: HY4, the �rst hydrogen powered four-seater passenger aircraft demonstrator
[34]

1.1.3 AdvancedPropulsionSystems

Advanced propulsion systems include improved gas turbines, electri�ed propulsion con-

cepts such as turboelectric and fully electric, etc. One area of research in propulsion sys-

tems in recent years has been geared toward improving existing gas turbine technology,

leading to new designs like the Geared Turbofan (GTF) developed by Pratt & Whitney [35]

and the UltraFan developed by Rolls Royce [36]. On the other hand, with advancement

in battery and electric drive technology, propulsion system architectures such as electri-

�ed propulsion are now feasible. The following section describes some advances toward

improving conventional gas turbine engines and the different electri�ed powertrain con-

�gurations. Based on the powertrain components, electri�ed propulsion con�gurations are

classi�ed into different categories, namely - fully electric, partial and fully turboelectric, se-

ries hybrid, parallel hybrid and series/parallel partial hybrid [18](shown in Fig.1.9). These

con�gurations can be either battery-based or fuel cell-based.
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Figure 1.9: Electri�ed Propulsion Architectures [18]

Conventional Gas Turbine Propulsion Systems

Conventional propulsion systems consist of internal combustion or gas turbine engines

where the thrust producing fan is driven mechanically through a shaft and the engine is

powered by burning jet fuel (schematic shown in Fig 1.10).

Figure 1.10: Conventional Propulsion System

The fuel consumption of a gas turbine engine is proportional to its ef�ciency. The over-

all ef�ciency of gas turbine engines is de�ned as the ratio of the thrust power produced

to the total fuel thermal power [37] and can be estimated as the product of propulsive and

thermal ef�ciencies. Thermal ef�ciency represents the conversion ef�ciency from the fuel

thermal energy into kinetic energy. It is the “ratio of the rate of change of kinetic energy of

the working �uid to the rate of thermal energy input into the system” [37]. It depends on

the cycle pressure ratio, turbine inlet temperature, and individual component performance.

The best thermal ef�ciency that is achievable at today's technology level is approximately
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50-55% during cruise [37]. One research avenue for improving the thermal ef�ciency is

high temperature materials. The turbine inlet temperature is limited by the turbine mate-

rials available. By using ceramics or other materials capable of withstanding higher tem-

peratures, the thermal ef�ciency and thus, the overall propulsion system ef�ciency can be

improved. Alternatively, better cooling technology would allow for the turbine to operate

at lower temperatures, thus enabling longer engine life. Another alternative is the imple-

mentation of Pressure Gain Combustion, which studies have found to potentially improve

the thermal ef�ciency by 25% compared to today's turbofan engines [38]. The maximum

thermal ef�ciency that can be achieved is limited by the theoretical limit of the Brayton

cycle.

Propulsion ef�ciency represents the amount of mechanical energy output from the en-

gine that is converted into thrust power. It is the “ratio of propulsive power to the rate of

change of kinetic energy in the working �uid” [37]. Propulsive ef�ciency can be improved

by decreasing the fan pressure ratio, which leads to an increase in the fan mass �ow to

maintain the thrust, thereby increasing the Bypass Ratio (BPR) of the fan. Increasing BPR

also helps in decreasing the engine noise [39]. However, as the BPR increases, the fan

size increases too. There is a limit on how big the fan can be based on ground clearance

and other structural considerations. Another drawback of increasing BPR in conventional

turbofan engines is that the fans have low rotational speed at high BPR. This causes a

mismatch between the optimum speeds of the fan and the low pressure turbine, thereby

decreasing the system ef�ciency since the components would not be operating at their opti-

mum ef�ciencies. This concern was addressed by Pratt and Whitney with the introduction

of GTF engines [35], which place a gearbox between the low pressure turbine and the fan.

Therefore, the two can be decoupled and allowed to operate at their individual optimum

ef�ciencies.

Currently, the overall ef�ciency of state-of-art turbofan engines during cruise is approx-

imately 30-40% [37, 40]. Fig 1.11 shows the propulsive, thermal and overall ef�ciencies of
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current state-of-art commercial aircraft. Several authors argue that there is a practical limit

on the ef�ciencies that can be achieved. It is believed that an overall ef�ciency of 60-65%

may be achievable, with maximum propulsive ef�ciency of 90-95% and thermodynamic

ef�ciency of 65-70% [18, 41, 42, 43].

Figure 1.11: Ef�ciencies of current commercial aircraft [18]

Open rotor engines, also known as Unducted fans and Prop fans, are an alternative

approach to improve the fuel ef�ciency. Similar to the turboprop engine, the open rotor

engine consists of propeller blades without a nacelle or a fan case. With BPRs as high

as 30:1 and propulsive ef�ciency of 95% [44], the open rotor concept can reduce fuel

consumption by 25-35% compared to most current turbofan engines [45]. However, key

challenges to this concept are noise, airframe integration and safety concerns in case of

propeller/ fan blade failure [46].

It is well know that smaller engines are less ef�cient than bigger ones. Rolt et al.

[47] found that scaling down the core to 1/4th the original thrust and reducing the fan

diameter by half could result in about 13% reduction in Overall Pressure Ratio (OPR),

about 7% increase in the Speci�c Fuel Consumption (SFC) and about 6.5% reduction in

the thermal ef�ciency. Research on further improvements to the overall ef�ciency of gas

turbines in ongoing. This includes alternatives such as improving the thermodynamic cycle,

novel propulsion system architectures and propulsion- airframe integration. These potential

solutions are discussed in the following sections.
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Fully Electric Propulsion

Electric �ight has been of interest for decades. However, the necessary technology i.e.

battery or fuel cells, and electric motor technology were not developed suf�ciently to enable

fully electric �ight in the past. With better technology available today, renewed interest

has been seen with the increasing number of electric aircraft designs and concepts being

developed. A schematic of such an architecture is shown below in Fig. 1.12.

Figure 1.12: Fully Electric Propulsion System

Electric aircraft have zero in-�ight fuel consumption and emissions (depending on how

electric energy is generated), and has the potential to substantially reduce noise [26]. Ad-

ditionally, the energy conversion ef�ciency of electrical components is much higher than

conventional gas turbine engines. The feasibility of electric aircraft is dependent on battery

or fuel cell and electric drive technology. However, current technology with low battery

speci�c energy and electric motor speci�c power is not suf�cient to accomplish fully elec-

tric �ight for larger aircraft.

To date, results indicate that electric �ight is feasible only for smaller aircraft such as the

Airbus E-Fan, which is a two-seater, lithium-ion polymer battery-operated aircraft powered

by two electric motors of 60 kW [48]. In December 2019, the �rst commercial airplane was

�own in Canada. It is a six-passenger seaplane retro�tted with an electric motor, designed

by MagniX and tested in partnership with Harbour Air [49]. Electric Vertical Takeoff and

Landing (eVTOL) vehicles are gaining popularity with applications for Urban Air Mobility

(UAM) to be used as commuter transport within cities [27, 50, 51]. Airbus has developed

two concepts - Vahana and CityAirbus [52]. Uber Elevate is another eVTOL concept for
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a 9-passenger UAM application [53]. NASA also have been researching UAM aircraft

concepts and has developed the X-57 Maxwell, initially called SCEPTOR [54, 55, 56,

57]. However, till the time technology evolves to enable electric �ight for larger airplanes,

turboelectric or hybrid electric (collectively known as electri�ed propulsion) concepts are

seen as viable alternatives.

Partial and Fully Turboelectric Propulsion

(a) Partially Turboelectric

(b) Fully Turboelectric

Figure 1.13: Turboelectric Propulsion Con�gurations

Turboelectric propulsion refers to the con�guration where the power from the gas tur-

bine is electri�ed and this electric power is used to drive the propulsors. If all the mechan-

ical power from the gas turbine is converted to electric power, then it is said to be fully

turboelectric, as shown in Figure 1.13b. Otherwise, if part of the power is still used to
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mechanically drive the propulsor, it is said to be partially turboelectric (Figure 1.13a).

Addition of components in the powertrain could lead to a loss in conversion ef�ciency

when mechanical energy is converted to electrical energy. The weight of the propulsion

system also increases. Depending on the speci�c power of the electrical components, this

weight increase could be signi�cant.

A key advantage of the turboelectric con�guration is the �exibility in the placement

of the propulsors. The propulsors can be decoupled from the gas turbine engine shaft and

allowed to operate at a speed where it is more ef�cient. Hence, the components can be oper-

ated at their optimal ef�ciencies. Therefore, a turboelectric con�guration is more ef�cient

than its conventional counterpart. Fig. 1.14 shows the ef�ciencies (propulsive, thermal

and overall) of existing propulsion systems along with projected estimates for turboelectric

distributed propulsion concepts [58].

Figure 1.14: Ef�ciencies of commercial aircraft and turboelectric distributed propulsion
aircraft concepts [18, 58]

The Single-Aisle Turboelectric Aircraft with Aft Boundary Layer (STARC-ABL) [59,

60], developed by NASA, has a partially turboelectric powertrain con�guration. Examples

of aircraft concepts with fully turboelectric powertrain con�guration include the NASA

N3-X [61] and the Environmentally Conscious tube and wing regional aircraft or ECO-150

[58] developed by Empirical Systems Aerospace, Inc.
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Parallel-Hybrid Electric Propulsion

A propulsion system con�guration where the propulsors can be driven from the gas turbine

power and/or power from another source, either battery or fuel cell, is called Parallel-

Hybrid, which is shown schematically in Fig 1.15. Hence, the propulsors can be driven

mechanically or electrically. This con�guration is heavily dependent on battery technology.

Figure 1.15: Parallel Hybrid Electric Con�guration

An additional design �exibility with parallel-hybrid systems is in the usage of the two

energy sources. The secondary energy source can be used individually or in parallel with

the primary source during any of the mission segments. Studies have shown how the sec-

ondary sources when used to boost the takeoff and climb power while sizing down the

gas turbine engine core can improve the aircraft performance [62, 63]. With two energy

sources, the power split between the two can also be varied during the mission. Power

management optimization can also be performed to optimize the power split between the

two sources for the duration of the mission [64].

While there have been several studies on parallel hybrid powertrain con�guration to

assess its bene�ts and drawbacks [65, 66], a notable example is the parallel hybrid electric

propulsion concept for a single-aisle, twin-engine tube and wing aircraft developed by

Lents et al. [62].
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Series-Hybrid Electric Propulsion

A fully turboelectric architecture in parallel with a battery or fuel cell, where one or both

sources are driving the propulsors, is known as a series-hybrid electric propulsion [18], as

shown in Figure 1.16. In this case, the propulsors are fully driven electrically.

Figure 1.16: Series Hybrid Electric Con�guration

Similar to the turboelectric and parallel-hybrid con�gurations, this con�guration also

allows for the propulsors to be decoupled from the gas turbine engine shaft, allowing them

to operate at their optimum ef�ciencies. The Airbus E-Thrust is an example of this type of

electri�ed propulsion architecture [67].

With the current technology level, the series hybrid con�guration is at a major disad-

vantage in comparison to the turboelectric or the parallel hybrid con�gurations because of

the added weight of the secondary energy source, the electric drive for that path as well as

the weight due to the energy conversion from mechanical to electrical for the gas turbine.

In order for this type of architecture to be feasible, additional technology may need to be

introduced in parallel.

Series-Parallel Partial Hybrid Electric Propulsion

This refers to the con�guration where power from the gas turbine, either partially or fully,

is converted from mechanical power to electric power to drive the propulsors. Additionally,
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this is supplemented with electric power, in parallel, either from a battery or a fuel cell as

shown in Figure 1.17.

Figure 1.17: Series/Parallel Partial Hybrid Electric Con�guration

The complexity of this architecture along with the weight disadvantage is the reason

for its infeasibility in the near future. This con�guration requires the most technological

development compared to the rest of the con�gurations since it depends both on the speci�c

energy of the secondary energy source as well as well speci�c power of the electric drive.

Although there have been a few conceptual studies assessing this con�guration [68, 69],

there have been no aircraft concepts studied in detail and fully developed.

Integrated Concepts

The four areas discussed above, i.e. evolutionary technologies, unconventional aircraft

con�gurations, alternative energy sources and advanced propulsion systems, are all aimed

at improving aircraft performance in different ways. While there are bene�ts to be gained

from each of them individually, many of the new, interesting aircraft concepts occur at the

intersection of two or more of these areas. One such topic that integrates aircraft con�gu-

rations and propulsion systems is categorized as Propulsive-Airframe Interaction (PAI).
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1.1.4 Propulsion-AirframeIntegration

Traditionally, gas turbine engines are located under the wing, over the wing or at the rear

fuselage of the aircraft. The choice of location depends on factors such as engine size, clear-

ance under the wing, stability and control, and affects the aircraft performance in terms of

lift, drag and weight. In many of the electri�ed propulsion architectures discussed in the

above sections, the low pressure turbine shaft in the gas turbine and the propulsors can be

operated at different speeds, therefore, at their optimal ef�ciencies. This decoupling can

be further taken advantage of, leading to new propulsor layouts that increase the airframe-

propulsion system interaction. Many aircraft designers have recognized the synergistic

bene�ts that can be obtained from these interactions. Thus, with new aircraft and power-

train con�gurations, there is more design freedom with respect to propulsor placement on

the aircraft.

The different PAI concepts being researched include tip-mounted propellers, leading

edge propellers, over-the-wing propellers, tail-mounted propellers and Boundary Layer In-

gestion (BLI). Different PAI concepts primarily impact the performance of the aircraft in

one or more of the following ways - increase propulsive ef�ciency, increaseCL max and/or

increaseL=D [70, 71, 72, 58, 73, 74, 75]. Furthermore, with the decoupling of the power

and thrust generators, it is also possible to vary the number of propulsors along the wing for

PAI concepts involving leading edge and over-the-wing propellers. This is another degree

of freedom for designing new aircraft concepts. This is known as Distributed Propulsion.

Distributed Propulsion

Distributed propulsion (DP) refers to the use of multiple engines or fans to produce the

require thrust. Kim [76] de�nes DP as ”the span-wise distribution of the propulsive stream

and/or the integration of the propulsors with the airframe in such a way that the overall

vehicle bene�ts from maximized aerodynamic, propulsive, structural, and/or other ef�-

ciencies”. There are numerous advantages of DP - lower fuel burn, propulsive ef�ciency
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increase due to BLI, lower drag due to lesser wetted area, more design freedom and reduced

noise through airframe shielding [76]. Furthermore, the distributed propulsors could also

be used for differential and thrust vectoring [77, 78].

Boundary Layer Ingestion

As the name suggests, boundary layer ingestion (BLI) refers to the ingestion of the bound-

ary layer �ow into the propulsor, facilitated by suitably arranged propulsors on the aircraft,

which results in increased propulsive ef�ciency of the system. Various studies have as-

sessed the bene�ts of BLI estimating a fuel burn reduction in the range of 0-16% depending

on the assumptions made [79, 80, 81, 82, 83, 84].

Several aircraft concepts with different aircraft con�gurations, powertrain con�gura-

tions, energy sources and PAI concepts are depicted in Fig. and summarized in Table

1.1. Brejle et al. have summarized and reviewed several more aircraft concepts in detail

[28].
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1.2 Future of Aircraft Design

Many of the aircraft concepts discussed were developed for a future Entry-into-Service

(EIS) date. Fig. 1.18 indicates the potential timeframes when certain airframe and power-

train con�gurations might become available [7].

Figure 1.18: Potential Timeframes for Aircraft and Powertrain Con�gurations (Adopted
from [7])

The primary factors affecting the feasibility and the EIS date of new concepts are:

• Aircraft requirements - As technology progresses, certain architectures for smaller

aircraft might become feasible sooner than for larger aircraft. Battery technology,

for example, requires tremendous development to be able to fully power single-aisle

and twin-aisle aircraft, but electric aircraft demonstrators have already proven their

feasibility on smaller 2-4 passenger aircraft. The timeframe to achieve fully electric

propulsion for regional aircraft is projected to be 2050 through gradual electri�cation

of aircraft as shown in Fig. 1.19.

• Environmental goals - Different agencies around the world have different targets for

the years 2035 and 2050 as discussed previously. Many concepts, while meeting cer-
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tain targets might fall short of goals set by other agencies. Therefore, while assessing

architectures, the uncertainty in the goals should be considered.

• Technology parameters - Most of the concepts mentioned above are heavily depen-

dent on new technology that is currently under development. Based on current tech-

nology level and rate of development, some of these concepts are viable in the near

term whereas others such as the N3X are seen as long term solutions.

• Cost - For aircraft manufacturers, cost is a crucial deciding factor, especially for new,

unconventional concepts since there will be the cost of procurement of new materi-

als, development costs associated with new technology, infrastructure cost since new

manufacturing processes and machinery will be needed. For airliners, on the other

hand, key drivers could be energy (fuel) costs, training cost for crew, maintenance,

etc. Electric propulsion, while exceeding environmental targets, might be too expen-

sive to implement due to R&D costs, infrastructural requirements, etc. Therefore,

there is always a tradeoff between cost and performance.

Figure 1.19: Aircraft Electri�cation Timeline

1.3 Selection of Optimal Architectures for Future Aircraft Design

The architecture selection for new aircraft is a dif�cult problem to solve because of the

following reasons.
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• Vast architecture space- several design choices for a new aircraft architecture can

be identi�ed as noted below and the various alternatives available for each of these

design choices are summarized in Table 1.2.

1. aircraft con�guration

2. energy source/s

3. powertrain con�guration

4. amount of hybridization for concepts with more than one energy source

5. power management strategy throughout the mission

6. propulsion-airframe integration concept

7. number of propulsors

There are more than 125,000 possible combinations, most of which have not been

studied before. Furthermore, for each architecture choice, there are more degrees of

freedom, namely the degree of hybridization and mission power management that

are dependent on the sizing and operation strategy chosen. Currently, many of the

above design choices are based on expert opinion and prior studies, which will be

discussed in more detail in the next chapter.

Apart from these architecture alternatives, there are several other aspects of aircraft

design that further expand the architecture space, such as subsystems, controls and

avionics. It is important to consider safety and controlability, especially for uncon-

ventional architectures, and choose alternatives for these systems and subsystems.

However, for the purposes of this thesis, the focus is more on propulsion systems and

their interaction and impact on aircraft con�gurations.

• Lack of data - Most of the concepts being studied are not operational. Therefore,

there is no historical data to help select a suitable architecture for a given set of

requirements. Conceptual design studies require detailed information to adequately
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assess the aircraft performance. Since many of the alternatives from Table 1.2 have

never been studied, there is no data available.

• Technology readiness and uncertainty- Most of the technology required to make

the concepts feasible are still under development. Hence, there is uncertainty in the

technology maturity date as well as its performance. Battery technology, for ex-

ample, is expected to be ready for use in regional hybrid-electric aircraft (50-100

passenger) by 2035. However, the battery speci�c energy is very uncertain and ex-

pected to vary anywhere between 500 - 1000 Wh/kg. This amount of uncertainty in

battery technology exists since different chemistries like Lithium-ion, Lithium-ion

polymer and Lithium-oxygen, have very different characteristics. Moreover, the ef-

fective speci�c energy might vary depending on the cooling and packing material

required.

Hence, the problem of the optimal architecture selection calls for a systematic method

to assess and optimize architectures based on not only performance metrics but also en-

vironmental goals. Considering architecture selection is done at a very early stage in the

design process, there is not enough information to model each individual architecture in

detail. Hence, there is a need for a low-order, rapid method to analyze and explore archi-

tectures without individually modelling each alternative.

1.4 Chapter Summary

Growing concerns about the environment have led to aviation agencies around the world

such as NASA, IATA and ACARE to set to curb noise, emissions and fuel burn in coming

years. To achieve these goals, several research groups have proposed different aircraft tech-

nologies and concepts in the areas of unconventional airframe con�gurations (blended wing

body, truss-braced wing, etc.), advanced propulsion systems (open rotor engines, electri-

�ed propulsion, etc.), alternative energy sources (hydrogen, battery, sustainable aviation
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jet fuels, etc.) as well as propulsion-airframe integration concepts (distributed propulsion,

boundary layer ingestion). There are many different alternatives that are possible com-

bining the different choices for airframe, powertrain con�gurations and energy sources,

making up a large architecture space. Many of these alternatives have not yet been studied

by the community. The choice of a new aircraft design is dependent on several factors,

primarily the requirements and environmental targets, technology parameters and cost.

Most of these technologies are currently being developed and therefore, there is a sig-

ni�cant uncertainty associated with these technologies. Furthermore, if all the technologies

being studied are developed and grow as projected, there would be a large, feasible architec-

ture space to choose from. However, some of these technologies may require infrastructural

developments. It will not be possible for aircraft manufacturers to pursue diverse aircraft

concepts without coordination and cooperation from the rest of the industry. This requires

a streamlined development plan for whole of the industry, roadmapping the introduction of

different technologies over time.

These lead to the research objective for this thesis, which is to develop a systematic

method to evaluate and optimize architectures with performance and environmental metrics

as objectives and constraints. The dissertation is structured as follows. Chapter 2 details

current literature on exploration and evaluation methods and tools available. Chapter 3

focuses on the research formulation of this thesis. Chapter 4 discusses the architecture

enumeration problem. The low-level analysis methodology generalized to be applicable to

different types of powertrain con�gurations and energy sources will be detailed in Chapter

5. The multi-objective optimization methodology will be described in Chapter 6. Chapter

7 is dedicated to the overall methodology and the �nal aircraft concept selection approach.

Chapter 8 demonstrates the application of the entire methodology on a test use case. Finally,

Chapter 9 summarizes the outcome and contributions from this thesis along with a brief

section on future work in this area.
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CHAPTER 2

LITERATURE REVIEW

2.1 Chapter Overview

Chapter 1 discussed different technologies and con�gurations being researched to reduce

fuel burn, noise and emissions, and meet environmental goals set by various agencies.

These form the vast design space available for new aircraft design. A case was made for a

systematic method to explore, evaluate and select potential designs for further analysis and

optimization for next generations of aircraft.

An aircraft architecture here, refers to the aircraft physical con�guration, that is the

shape and layout of the fuselage, wings, propulsors, etc. This includes aircraft con�gura-

tion, powertrain con�guration, propulsion-airframe integration and number of propulsors.

These form the architecture space. An aircraft design encompasses the aircraft architecture

along with the individual system and subsystem sizing. For each aircraft architecture with

more than one energy and/or thrust source, the degree of hybridization and mission power

management can be varied, and this forms the design space for each architecture.

Depending on the computational resources available and the objective of the study,

architecture exploration and assessment can be typically tackled through three approaches:

Approach 1: Point design studies - Point design studies refer to those which analyze a

single design point, usually in detail using higher �delity and higher order tools such

as computational �uid dynamics for aerodynamic analysis, �nite element analysis

for structural analysis, etc. Such studies provide an in-depth understanding of the

bene�ts and costs of a particular technology or design. Hence, the computational

costs associated with such studies are high and therefore, focused on a single aircraft

design point. The blended wing body with superconducting turboelectric propulsion
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concept, i.e. the N3X from NASA [61, 86], and NASA STARC-ABL, which is a

partially turboelectric concept [59, 60], are examples of such studies. While the

results from these studies are invaluable in later stages of design, during the aircraft

conceptualization, it is more bene�cial to utilize methods that explore the architecture

and the design space more. The selection of the aircraft design for point design

studies relies heavily on expert knowledge and prior studies. If the architecture space

is not well understood and studied, this may lead to promising architectures being

overlooked and sub-optimal architectures being developed.

Approach 2: Architecture comparison studies - These studies aim to compare a few archi-

tectures and select amongst them based on quantitative and/or qualitative analysis.

The choice of the candidate architectures relies on subject matter expert knowledge

and prior studies. The number of architectures selected could depend on the objec-

tive of such a comparison study as well as available computational resources. These

studies generally involve medium level of detail and the analysis might be carried out

using conceptual design tools. This approach could also lead to promising architec-

tures being overlooked. An example of such a study would be the Boeing SUGAR

where several technologies and architectures were studied [1, 13, 87].

Approach 3: Architecture exploration studies - These studies involve an exhaustive explo-

ration of the architecture space and �nal architecture selection based on systematic

evaluation of all candidate architectures using primarily performance analysis with

or without qualitative metrics. These typically require a low level of detail for the

architectures, hence compromising accuracy for speed. This approach is an effective

way to explore novel architectures and concepts that haven't been well studied in the

literature.
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2.2 Current Architecture Exploration Studies

Based on the objective, different studies have researched and evaluated different regions

of the architecture space. The primary method to select the alternatives to study has been

based on subject matter expert judgement.

Kruger et al. [88] proposed a conceptual design framework capable of handling archi-

tectures with electri�ed propulsion, distributed propulsion and boundary layer ingestion.

The primary purpose of this framework is to allow for low-�delity, quick exploration and

analysis of the trade space and identify the design space where electri�cation shows po-

tential. Using Productivity-Speci�c Energy Consumption (PSEC) as the optimization ob-

jective, several architectures for different class of vehicles were explored. PSEC is de�ned

as “the mission energy per payload mass per unit range” [88]. This framework consists

of four modules, namely - propulsion system, aero-propulsive performance, aero-structural

sizing and mission integration. These modules are integrated using the GPKit geometric

programming optimization tool. The mission is simpli�ed and modeled only as a cruise

segment, without considering takeoff, climb or descent segments which potentially have

greater fuel burn bene�ts, especially for shorter range aircraft.

The SUGAR project [1] was aimed at developing N+3 vehicle concepts that can meet

NASA's goals for reduced fuel burn, emissions, noise and takeoff �eld length. Phase 1 of

this study evaluated �ve different concepts, namely the SUGAR Free, Re�ned SUGAR,

SUGAR High, SUGAR Volt and SUGAR Ray, and assessed different technologies. These

5 concepts were chosen through a systematic, qualitative approach using a tool called In-

teractive Recon�gurable Matrix of Alternatives (IRMA) [1]. Building upon the concept of

Morphological Analysis [89], IRMA uses techniques such as matrix of alternatives, multi-

attribute decision making using Technique for Ordered Preference by Similarity to Ideal

Solutions (TOPSIS) [90]. Alternatives were scored by different groups of Subject Matter

Experts (SME), and the �nal ranking and the selection were based on the aggregate scores
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from the experts. Furthermore, different aerodynamic, structural, propulsion and subsys-

tem technologies were assessed by SMEs and their compatibility with the selected concepts

were determined. Each of these concepts were then modeled in detail in order to identify

the bene�ts and costs of different aircraft con�gurations and technologies.

Isikveren et al. [91] evaluated �ve aircraft concepts varying the number of gas turbines

and motors with series or parallel hybrid-electric con�gurations and aft-fuselage propulsor

using a pre-design method of analytical fractional change transformations as described in

[92] for a 70-pax and 180-pax aircraft. Each of the concepts were optimized for minimum

battery energy density with constraints on relative block fuel burn and operating cost targets

using a mixed-integer distributed ant colony optimization algorithm.

Strack et al. [93] assessed 48 concepts to identify the most promising design for a

hybrid-electric turboprop aircraft, considering battery-powered series and parallel hybrid-

electric powertrain con�gurations with different aircraft con�gurations such as twin-boom,

canard and truss-braced wing with and without distributed propulsion. The selection of

the optimal architecture was achieved in 4 phases by gradually eliminating architectures in

each phase. Phase 2 and Phase 3 �ltered the alternatives based on qualitative and low-order

quantitative methods respectively. The �nal phase evaluated four most promising concepts

using traditional conceptual design methods. While this approach allows for the consider-

ation of several architectures, the overall method is highly dependent on expert knowledge

and judgement in the generation of alternatives as well as the �rst �ltering phase. Uncon-

ventional aircraft con�gurations could be missed when the concepts are generated manually

in this manner.

Hoogreef et al. [94, 75] evaluated several alternatives with different battery-powered

powertrain con�gurations i.e. partially turboelectric, series and parallel hybrid-electric

propulsion, and aircraft con�gurations such as double-fuselage, canard wing and truss-

braced using a conceptual design tool. The alternatives also included wing leading-edge

distributed propulsion, tip-mounted propulsion and boundary layer ingestion. These alter-
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natives were generated and chosen by a group of experts through qualitative reasoning.

Results from this study indicate that lower shaft power ratios are better for regional aircraft

architectures. While the architecture alternatives were selected manually, the design space

for these architectures, i.e. the degree of hybridization was parameterized such that the

shaft power ratio varied between 10-30%. Higher shaft power ratios were not evaluated.

Borer et al. [50] developed a method for the design exploration of electrically-driven

propulsors for UAM aircraft concepts. The method involved sampling from key salient ge-

ometric features of the propeller design and �ltering designs based on performance metrics.

A Pareto front of optimal designs was identi�ed and the concepts ranked probabilistically.

For the architecture space under consideration, many of the possible alternatives have

not been studied in the past, primarily due to qualitative reasons and lack of prior studies.

For example, most studies on electri�ed propulsion architectures focus on turboelectric and

parallel hybrid-electric architectures, usually eliminating series/ parallel partial hybrid ar-

chitectures from consideration due to a higher weight penalty based on current technology

level. Therefore, since this architecture space has not been fully explored and studied,one

of the objectives of this research is to explore the architecture space rapidly.

2.2.1 OverallArchitectureExploration& SelectionMethodology

Based on the current studies, the overall exploration and optimization method can be sum-

marized and grouped into 3 phases as follows -

1. Architecture generation - identify or de�ne architectures of interest

2. Filtering (optional)- �lter out infeasible architecture based on speci�ed requirements

and constraints

3. Aircraft design - design and optimize select feasible architectures
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Architecture Generation

Most studies in this area generate �xed architecture alternatives based on subject matter

expert knowledge and the purpose of the study [75, 93, 94, 95]. However, manually gener-

ating all the architectures in the architecture space is a tedious and time-consuming process

subject to errors resulting in omission of architectures. Therefore, automating the architec-

ture generation would greatly bene�t the overall methodology.

The Boeing SUGAR project followed a more systematic method to generate the alter-

natives using IRMA. However, this process could not be fully automated since the compat-

ibility of different choices had to be determined by the SMEs.

Observation 1:Architectures are hand-picked by SMEs, which is time-consuming

and tedious and could also lead to promising architectures being overlooked.

Therefore, theFirst Gap is that there is a lack of a fast, enumeration process to

generate architectures.

Filtering

Since only a handful of architectures are generated in many studies, there is generally no

need to �lter or eliminate more architectures. All architectures that are generated are eval-

uated. However, if �ltering is implemented, many studies primarily make use of qualitative

analysis using metrics such as weight, cost, maintenance, etc. to narrow down the alterna-

tives [1, 93, 94]. This relies heavily on expert knowledge and prior studies. Lack of good,

trustworthy data from experts or studies could skew the �nal results.

Observation 2: Evaluation and �ltering of architectures is based on qualitative

metrics relying heavily on expert knowledge or prior studies. Therefore,Gap 2 is

performance-based quantitative analysis of architectures for �ltering.
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Aircraft Design

Aircraft design and optimization is performed using conceptual design tools that include

constraint analysis and mission analysis. The designs are optimized for minimal weight,

cost and/or fuel burn. In case of electri�ed propulsion, energy consumption is another

metric of interest. Several authors use different metrics such as Payload Range Energy

Ef�ciency (PREE), which is the product of range and payload per unit mission energy

[75, 94, 96]. Isikveren et al. proposed a multi-objective formulation with objectives to

minimize fuel burn as well as operating cost with Energy Speci�c Air Range (ESAR) set

as an equality constraint [92, 97].

Some of the existing methods and tools for electri�ed propulsion are described below.

A more exhaustive list with description can be found in [28, 98].Georgia Tech Hybrid Elec-

tric Analysis Tool (GT-HEAT) [68, 99] was developed by the Aerospace Systems Design

Laboratory (ASDL) in Georgia Tech for the design and evaluation of advanced con�gura-

tions including hybrid-electric propulsion. It is capable of performing steady state, dynamic

and transient analysis, and also size the gas turbine and propulsion system simultaneously.

This modular environment, built on open source Numerical Propulsion System Simula-

tion (NPSS), consists of three integrated, iteratable modules - engine, vehicle and mission.

The vehicle and engine modules consist of sub-elements that keep track of the state of the

main analysis groups, i.e. weight, potential energy and thermal energy at each point in

the mission. The engine module performs the cycle analysis and engine sizing. The ve-

hicle module determines the thrust required, vehicle drag, empty weight, energy storage

weight and gross weight. The mission module takes in a user-de�ned mission pro�le and

carries out mission analysis, providing the boundary conditions for the engine and vehi-

cle analyses. GT-HEAT also have the �exibility to optimize the usage of different energy

sources throughout the mission capture its impact on engine and vehicle sizing through

power management optimization routines.

Electric Propulsion Architecture Sizing and Synthesis (E-PASS) [100] is a tool devel-
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oped in ASDL for aircraft design, including electric and hybrid-electric aircraft. It includes

physics-based sub-system models, weight estimation techniques, constraint analysis, mis-

sion analysis along with a power management optimizer. This tool is capable of analyzing

architectures with different powertrain con�gurations, given the detailed subsystem models

[101].

Nam et al. [102, 103] proposed an aircraft sizing method for aircraft with alternative

energy sources and advanced propulsion systems. This approach includes constraint anal-

ysis and mission analysis based on power instead of thrust, which is currently used as the

sizing parameter in all conceptual design tools. It tracks the �ow of energy from the energy

source/s to the propulsive device/s along each power �ow path. Therefore, this approach is

applicable to electri�ed propulsion, distributed propulsion and other concepts with uncon-

ventional energy sources.

The Design Initiator was developed in TU Delft [104] for the design and analysis of air-

craft with conventional and unconventional architectures including box wing and blended

wing body. It includes handbook methods, empirical methods and physics-based meth-

ods. In order to assess electri�ed propulsion architectures, Class I hybrid-electric sizing

methods from Ref. [105] are integrated into the design process.

Apart from conceptual design methods, several authors have proposed and developed

optimization methods to better assess the design space and select the optimal design for

conventional as well as unconventional architectures. Brelje and Martins [106] developed

the conceptual design and optimization toolkit (OpenConcept) for electric propulsion air-

craft, which includes conceptual models of electrical components, aircraft sizing and mis-

sion analysis methods and multidisciplinary design optimization using ef�cient gradients.

Hoburg and Abbeel [107] proposed the use of Geometric Programming (GP) for con-

ceptual aircraft design. They argue that ”GP is a fast and powerful tool capable of ef�-

ciently optimizing large, multidisciplinary systems of low-order models”. GP has further

been used in the design of solar and gas powered unmanned aircraft systems and short
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takeoff and landing vehicles for urban air mobility [108, 109].

However, the GP formulation requires the model to be represented in a speci�c way,

which can be restrictive and dif�cult in aircraft design models. To overcome this draw-

back, Kirschen et al. [110] proposed Signomial Programming (SP) for conceptual aircraft

design. This approach was then used for aircraft design to model the wing, fuselage and

tail components as well as the turbofan sizing [111, 112]. Furthermore, SP was also ap-

plied to electric aircraft design to model the electrical components, and the evaluation of a

turboelectric aircraft with boundary layer ingestion [113, 114].

2.2.2 Impactof TechnologyParameters

Most of the architectures in these studies are designed for 2030+ assuming different tech-

nology levels. However, these technologies are still uncertain. Recognizing this, most

studies assess the impact of varying technology parameters through one of the following

ways:

• using deterministic values for the technology parameters [75, 88, 92, 94, 95] - This is

the least expensive approach to study the impact of multiple technologies on the per-

formance of the concepts. Typically, the deterministic values are chosen to represent

different timeframes by when the technologies are expected to mature. For example,

Hoogreef et al. [94] assumed the Speci�c Power for electrical machines to be 9, 13

and 22 kW/kg for near-term, medium-term and long-term respectively.

• sensitivity analysis on the sized aircraft varying the technology parameters within a

speci�ed range - Most studies include a parametric sweep of the technology param-

eters to assess their in�uence on the concept performance [105, 106]. For example,

Speci�c Power (hp/lb or kW/kg) is usually varied between 5 - 15 kW/kg for electric

motors [115].

• uncertainty analysis using probabilistic models on sized aircraft either using the air-
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Figure 2.1: Current Approach to Architecture Exploration & Optimization
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craft model directly or using surrogate models [100] - Monte Carlo methods are the

most common approach to uncertainty analysis. However, these methods require

thousands of model evaluations in order to predict the uncertainty in the output for

given input probability distributions. Therefore, in case of expensive model evalua-

tions or if multiple aircraft designs are to be assessed, surrogate models are generally

built which are then used with the Monte Carlo methods or other probabilistic uncer-

tainty analysis methods.

Furthermore, breakeven analyses have been conducted for partially and fully turboelec-

tric, and hybrid-electric aircraft to estimate the minimum technology parameters required

for a given concept to match the performance of a conventional aircraft [116, 117, 118].

Although these analyses do not require a lot of details about the aircraft concept, they can

help understand the impact of technology on different aircraft architectures as well as set

technology targets in order to make an architecture feasible.

2.3 Other Design Space Exploration Methods

As discussed in the previous section, current approaches do not fully address the overarch-

ing question of architecture selection for the architecture space considered. Therefore, this

section describes exploration methods in other �elds that might help address some of the

gaps identi�ed.

Zeidner et al. [119, 120] developed a two-level technology screening process called

Architecture Enumeration and Evaluation (AEE) to explore a large design space and �lter

architectures in two steps - �rst level of �ltering based on low-�delity analysis and the sec-

ond based on high-�delity modeling and optimization techniques. This methodology has

been successfully applied to rotorcraft power systems and More-Electric Aircraft (MEA)

actuation systems design [121, 122].

Frank et al. [123] developed a design space methodology using Non-Dominated Sorting

Genetic Algorithm-II (NSGA-II) for multi-objective multi-architecture optimization. All
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possible design alternatives were generated using morphological and compatibility matri-

ces and feasible alternatives identi�ed using speci�ed performance metrics. These feasible

alternatives were grouped together based on de�ned design variables and each group indi-

vidually optimized using NSGA-II to identify the Pareto frontier. The best concept selec-

tion was based on probabilistic Multi-Attribute Decision Making (MADM). This method-

ology was then applied to the exploration and selection of suborbital vehicles [123, 124,

125].

Judt and Lawson [126, 127] proposed a new computational framework to generate air-

craft subsystem architectures, perform mission analysis and optimize the design based on

aircraft, architecture and component level analysis. They employed a hybrid heuristic opti-

mizer that combines ant systems optimization and genetic algorithms to identify the Pareto

front for the subsystem architectures.

Xie et al. [128] proposed a new approach to sorting called Benchmark based Non-

Dominated Sort (BNDS) that can be integrated with NSGA-II for sizing and Multi-objective

Optimization (MOO) of hybrid-electric aircraft. With the proposed approach, they showed

a fuel burn reduction of 17.6% without compromising on range and endurance for a retro�t

aircraft with hybrid electric propulsion.

Shougarian [129] proposed a convex hull-based methodology for the generation of ar-

chitectures and applied this method to aircraft engine architectures including distributed

and non-distributed turboelectric propulsion architectures. Using this method, 71 engine

architectures were generated and optimized for minimum thrust speci�c fuel consumption.

The approach also included a complexity metric that considered the complexity of the in-

dividual components, interfaces and connections between them. The same approach was

used for the generation and simulation of recon�gurable mobile devices, demonstrating the

generality and wide applicability of this method.

41



2.4 Research Objective

The following observations and gaps were identi�ed in the literature:

Observation 1:In most cases, architectures are hand-picked by Subject Matter Experts,

which is time-consuming and tedious, and could also lead to promising architectures

being overlooked.

Gap 1: Lack of a fast, enumeration process to generate architectures.

Observation 2:Evaluation and �ltering of architectures is primarily based on qualitative

metrics relying heavily on expert knowledge or prior studies.

Gap 2: Quantitative analysis for evaluating the entire architecture design space.

Observation 3:During initial studies, a �xed power management scheme is assumed, but

this could have a signi�cant impact on the feasibility of concepts.

Gap 3: The impact of different power management options and different operational

modes on aircraft performance during the architecture selection phase is not considered.

Addressing these gaps, the overarching objective of this research is -

To develop a methodology to enumerate and explore the architecture space, and de-

sign and optimize future aircraft concepts using a low-order, pre-conceptual design

analysis method.

The architecture space includes unconventional aircraft con�gurations, advanced propul-

sion systems, alternative energy sources and different PAI concepts. A promising architec-

ture would be one that is physically compatible and functionally feasible. For each gener-

ated physical architecture, an aircraft concept is to be designed and optimized to meet both

performance and environmental goals.
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2.5 Chapter Summary

This chapter summarized the current research on methods and tools for the exploration of

aircraft architectures considering unconventional aircraft con�gurations, alternative energy

sources, advanced propulsion systems and propulsion-airframe integration concepts. Gaps

in the literature were identi�ed, leading to the formulation of the overarching research

objective of this thesis. Key observations from the literature are:

• The entire architecture space under consideration has not been fully explored.

• Most of the concepts studied in the literature are generally handpicked by Subject

Matter Experts based on prior knowledge and qualitative reasoning.

• Several conceptual design methods and tools have been proposed for electri�ed propul-

sion and unconventional aircraft con�gurations, with authors de�ning and using dif-

ferent design variables and key performance metrics.

• Since most of the novel concepts employ technologies that are still under develop-

ment, studying the impact of technology uncertainty on the concept is a necessary

step in the design process.

• Most of these studies have been directed towards electri�ed propulsion aircraft con-

cepts.

• There are no studies that compare the performance of concepts powered by different

energy sources using the same level of detail.

• Each study has their own set of requirements, assumptions and objectives, that may or

may not be clearly known. This makes it dif�cult to compare concepts from different

studies.
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CHAPTER 3

RESEARCH FORMULATION

3.1 Chapter Overview

In chapter 2, current literature on architecture exploration and selection methods were de-

scribed and gaps were identi�ed. This chapter discusses the research formulation and scope

of the thesis.

The overarching objective of this research is:to develop a methodology to enumerate

and explore the architecture space, and design and optimize aircraft concepts using a

low-order, pre-conceptual design analysis method.

This research objective is geared towards answering the following question:

Research Question 0: How can future generations of aircraft architectures be se-

lected for more detailed design and optimization?

The following sections decompose Research Question (RQ) 0 into further research

questions. Each research question is aimed at addressing the gaps identi�ed. This chapter

frames the research questions driving this thesis. The hypothesis and design of experiment

for each research question is addressed in further chapters.

3.2 Research Questions

3.2.1 ResearchQuestion1: ArchitectureEnumeration

Observation 1:In most cases, architectures are hand-picked by Subject Matter Experts,

which is time-consuming and tedious, and could also lead to the possibility of architectures

being overlooked.
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Gap 1: Lack of a fast, automated enumeration process to generate architectures.

RQ 1: How can physically compatible architectures in the architecture space be

enumerated automatically?

3.2.2 ResearchQuestion2: DesignEvaluation

Observation 2:Evaluation and �ltering of architectures is based on qualitative metrics

relying heavily on expert knowledge or prior studies.

Gap 2: Performance-based quantitative analysis of architectures for �ltering.

RQ 2: How can future aircraft designs be evaluated?

3.2.3 ResearchQuestion3: DesignOptimization

Observation 3:During initial studies, a �xed power management scheme is assumed, but

this could have a signi�cant impact on the feasibility of concepts.

Gap 3: The impact of different power management options and different operational

modes on aircraft performance during the architecture selection phase is not considered.

RQ 3:How can the design space for each architecture be traversed and optimized?

3.3 Proposed Framework

In this section, we propose a framework for architecture selection starting from the enu-

meration of architecture alternatives to the aircraft concept optimization and selection.

Typically, the architecture selection is done following the decision support process,

which is depicted in Fig. 3.1:

Step 1: Establish the need

Step 2: De�ne the problem

Step 3: Establish value
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Step 4: Generate alternatives

Step 5: Evaluate alternatives

Step 6: Make decision

Figure 3.1: General decision support process

Steps 1-3, which focus on describing the problem at hand and its importance, have

been discussed in Chapter 1. Chapter 2 focused on Steps 4- 6 in current literature, i.e. how

alternatives are generated, evaluated and selected in the studies so far. In this chapter, we

discuss how steps 4- 6 can be implemented for the problem at hand, addressing the gaps

identi�ed in the current literature. Necessary steps required to achieve the stated research

objective are:

1. Generation of architectures

2. Evaluation and optimization of the architectures' design space

3. Final selection of optimal designs for further sizing and synthesis

These steps follow the Top-down Decision Support process and form the core of the

overall methodology. This thesis is formulated such that each research question addresses

one gap and completes one or more steps in the proposed methodology. One additional

step in the decision process is also included for the design optimization of each alternative

as shown in Fig. 3.2.

Figure 3.2: Overall architecture exploration and design optimization framework
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3.4 Overarching Hypothesis

As stated in Section 3.1, the overarching research question that is to be answered through

this thesis is -how can future generations of aircraft architectures be selected for fur-

ther design and optimization considering evolving technology parameters in the pro-

cess?Decomposing this question into sub-research questions 1,2 and 3, hypotheses will

formulated for each of them and discussed in the subsequent chapters. Hypotheses 1,2 and

3 combined will form the overarching hypothesis (Hypothesis 0) for this thesis. The answer

to the overarching research question is a methodology for architecture enumeration and de-

sign optimization. And this methodology combines the approaches proposed for research

questions 1, 2 and 3. If each of these hypotheses are proven, then Hypothesis 0 is said to

be true.

3.5 Chapter Summary

In this chapter, the overarching question of architecture selection was decomposed into 3

sub-research questions, where each sub-question addressed one of the gaps identi�ed in

the literature. Hypotheses were formulated and experiments to prove the hypotheses were

brie�y described.

Research question 1 addresses the gap of generating architecture alternatives automat-

ically considering different aircraft and powertrain con�gurations, propulsion-airframe in-

tegration concepts and energy source alternatives. This is the focus of the next chapter.

The next research question, i.e. RQ 2 concerns the evaluation of these alternatives. Each

architecture that has more than one energy source and/or propulsive device, has its own

design space. RQ 3 attempts to explore and optimize this design space.
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CHAPTER 4

ARCHITECTURE ENUMERATION

4.1 Introduction

An architecture refers to the physical con�guration of an aircraft. This includes the aircraft

or airframe con�guration, also called wing-body type, the propulsion system (such as turbo-

electric, hybrid-electric, etc.), the number and location of propulsors on the airframe, and

lastly the energy source powering the aircraft. As noted in Chapter 1, there are several

alternatives for each of the aforementioned physical components of the aircraft, making

the architecture space for future aircraft very vast. Architecture selection today is primarily

based on expert knowledge and prior studies. Modeling and evaluating this vast architecture

space can be decomposed into 3 sub-objectives -

• How do we model novel, advanced powertrains?

• How do we evaluate different concepts?

• How do we enumerate the entire architecture space?

The �rst research question is directed at addressing the �rst gap, i.e. enumerating archi-

tectures within the vast architecture space that includes airframe con�gurations, propulsion

systems, energy sources and propulsive-airframe integration concepts, in a fast and auto-

mated manner such that no physically possible architecture is left out of consideration.

Upon close investigation of the different propulsion system architectures studied today,

it can be observed that many of the con�gurations consist of the same components, but

connected differently. Cinar [100, 101] popularized the nomenclature power sources and

thrust sources to describe and differentiate between powertrain components that convert

energy to power and those that generate thrust that propel the aircraft forward respectively.
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Power sources are subsystems that generate primary propulsive power, for instance, gas tur-

bines, IC engines, etc. Thrust sources are thrust producing devices like fans and propellers.

Using 3 matrices to represent the connections from energy source to power source, power

source to power source and �nally power source to thrust source, she captured the pri-

mary architectural choices available for the powertrain and could therefore, represent dif-

ferent propulsion system con�gurations, namely turboelectric, partially turboelectric, par-

allel hybrid-electric, series hybrid-electric, series-parallel partial hybrid-electric and fully

electric. Moreover, different architectures could be generated by varying the values in the

matrices. These matrices could then be used in the aircraft sizing and synthesis tool, E-

PASS (described in more detail in Section 2.2) for a more complete aircraft performance

analysis. However, the process of generating these matrices to study and evaluate different

architectures has not been automated.

One of the primary reasons for manual architecture generation by experts is that the

compatibility between different components and technologies requires subject matter ex-

pertise and hence, cannot be deduced by algorithms alone. If this process is to be auto-

mated, these heuristics must be formulated in a generic and formal manner and input into

an algorithm.

The architecture enumeration problem with different airframe and propulsion systems

is a complicated one, especially because of the interdependence between the two. There

is no easy way to build a heuristic that can take in an airframe con�guration and identify

propulsion system architectures that are compatible since there are many factors that affect

this compatibility. Therefore, for the purposes of this thesis, the architecture enumeration

process will be formulated to produce alternatives given that the airframe con�guration is

�xed and the airframe - propulsion compatibility previously known. However, this process

can be repeated several times to enumerate architectures for each airframe con�guration

under consideration to cover the majority of the architecture space.

Therefore, given the compatibility, several algorithms can be used to rapidly build ar-
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chitectures such as graph theory, mixed integer programming and constraint programming.

Constraint Programming (CP) is a paradigm that can be used to �nd all feasible solutions

to combinatorial problems, which are modeled in terms of arbitrary constraints. Applica-

tions for CP include vehicle routing, job scheduling and network �ow problems. Given a

large combinatorial space, CP can ef�ciently reduce the search domain to solve for feasi-

bility as well as optimality. Therefore, given our vast architecture space and the need to

generate physically compatible alternatives rapidly, the application of CP to this problem

is considered apt.

Furthermore, revisiting the powertrain components, apart from energy sources, power

sources and thrust sources, there may be several other components that are part of the

powertrain such as electric motors, inverters, generators. In an architecture with multi-

ple power sources and thrust sources, each component may be connected to one or more

component(s), especially keeping redundancy requirements in mind.

HYPOTHESIS 1: If the compatibility between the components that make up differ-

ent powertrain con�gurations for each combination of aircraft con�guration and PAI

concept is known, then all possible aircraft architectures can be automatically gener-

ated from the set of all energy storage alternatives and powertrain components using

Constraint Programming.

If the following can be substantiated, then the hypothesis is said to be true:

1. Existing architectures in current literature will match some of the architectures gen-

erated.

2. Some of the architectures generated will be novel and not found in current literature.

3. The number of architectures generated will be much larger than those in existing

studies.
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4.2 Methodology

In order to generate alternatives using Constraint Programming, the �rst step is identifying

the compatibility between components. In general, compatibility and adjacency matrices

have been widely used in the literature to represent compatibility between technologies and

components. Similarly, here, a logical, adjacency matrix, called the Component Compat-

ibility Matrix (CCM), is used to depict the possible connections between different pow-

ertrain components.The CCM is a square, logical, unidirectional, non-symmetrical

matrix.

• Square - The number of rows is equal to the number of columns, which are both

equal to the number of unique components.

• Logical - Ones in the matrix represent possible connections between two components

and zeros indicates that the two components cannot be connected.

• Unidirectional - The ones not only represent the physical connections, but also the

direction of the �ow of power between the components. The value '1' in the 'i th '

row and 'j th ' column of the matrix indicates that the output of the 'i th ' component

can be connected to the input of thej th ' component.

• Non-symmetrical - Since most components cannot transmit power in both directions,

it is non-symmetrical.

The CCM only includes unique instances of each component. For example, for an

aircraft with 2 identical gas turbines, only one row and one column would represent the

gas turbine. Similarly, with novel architectures, distributed propulsion allows for the use of

multiple propulsors. However, only unique propulsors will be accounted for in the CCM.

Since the purpose of the CCM is to identify the compatibility between different types of

components, including only unique components would ensure its conciseness, readability
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and manageability for the user. However, it is also important to keep track of the total

possible number of instances for each component.

The CCM represents all architectures that are possible given the set of components. By

varying the 0's and 1's in the matrix, different architectures can be obtained.

Consider an example of a simple hybrid-electric aircraft architecture with in-�ight

recharge, where jet fuel and battery are the two energy sources and key components in-

clude - gas turbines, electric motors, generators and ducted fans. Let's assume that the

aircraft has a conventional tube-and-wing con�guration with one ducted fan on each wing,

and each fan can be driven either by a gas turbine or battery or both. While a single battery

can power both ducted fans, one gas turbine can be used to power one fan directly or both

fans if the mechanical power from the gas turbine is converted to electric power through

the use of the generator. Therefore, the propulsion system has a total of 2 gas turbines, 2

electric motors, 2 generators and 1 battery.

The compatibilities and possible connections are represented in the CCM as shown

below. Although there are 2 units of almost all components, each component will only be

represented once in the CCM since the 2 units are identical.

CCM =

JF Batt GT EM Gen Fan
2

6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 0 1 0 0 0 JF

0 � 0 1 0 0 Batt

0 0 � 0 1 1 GT

0 0 0 � 0 1 EM

0 1 0 1 � 0 Gen

0 0 0 0 0 � Fan

(4.1)

Each row of the CCM conveys the following points respectively.

• Jet fuel (JF) is compatible with the Gas turbine (GT).
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• Battery (Batt) can be connected to the Electric motor (EM).

• GT can be connected to the Generator (Gen) and ducted fan.

• EM can be connected to the ducted fan.

• Gen can be connected to the Batt and EM.

• All values for the ducted fan being zero implies that it is the last component or the

thrust producing component in the powertrain.

4.3 Constraint Programming Model

A Constraint Programming model generally requires:

• a set of design variables

X = x1; x2; x3; :::; xn

• a set of domains, i.e. �nite set of values for each of the design variables

D = d1; d2; d3; :::; dn

• a set of constraints

C = c1; c2; c3; :::; cm

• objective function (optional)

F = f (X )

4.3.1 Designvariables

The design variables are derived from the CCM. The 1's in the CCM represent the pos-

sible connections and not necessarily the mandatory connections between the component
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groups. As discussed previously, the rows and columns of the CCM only indicate the dif-

ferent component groups. The ”group” here refers to all instances of the same component.

However, while solving for different architecture solutions, it is also necessary to consider

all instances of all the components. Therefore, an intermediate matrix, called theArchi-

tecture matrix or A-matrix is created from the CCM by repeating rows and columns for

multiple instances of each component. By varying the values of these elements in the

A-matrix between 0 and 1, different combinations can be obtained, which then represent

different architecture alternatives. As an example, the A-matrix corresponding to the pre-

viously discussed example in 4.1 is shown below.

A =

JF Batt GT 1 GT2 EM 1 EM 2 G1 G2 F 1 F 2
2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 0 1 1 0 0 0 0 0 0 JF

0 � 0 0 1 1 0 0 0 0 Batt

0 0 � 0 0 0 1 1 1 1 GT1

0 0 0 � 0 0 1 1 1 1 GT2

0 0 0 0 � 0 0 0 1 1 EM 1

0 0 0 0 0 � 0 0 1 1 EM 2

0 1 0 0 1 1 � 0 0 0 G1

0 1 0 0 1 1 0 � 0 0 G2

0 0 0 0 0 0 0 0 � 0 F 1

0 0 0 0 0 0 0 0 0 � F 2

(4.2)

Every component is modeled as a node and the connection between 2 components is

modeled as an arc.
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X nodes = [ i for i in range (numComponents) if any (CCM i ) == 1]

X arcs = [ arcsij for i; j in range (numComponents) if CCM ij == 1]

The architecture enumeration problem is formulated as a binary variable problem,

meaning the domain of all the design variables is[0; 1].

4.3.2 Constraints

Varying the values of the design variables without any constraints would lead to some non-

sensical solutions. Therefore, the heuristics pertaining to how the powertrain components

are selected and connected to one another are implemented as constraints in the model as

discussed below. Additionally, one of the strengths of CP is its use of global constraints.

Global constraints refer to a set of constraints that have built-in constraint propagation algo-

rithm that are better than normal constraints in terms of speed and ef�ciency. For example,

”all-different” is a global constraint that mandates that the value assigned to each variable

is unique. Other examples include cumulative, cycle and distance-between. The global

constraint(s) included in the architecture enumeration problem is discussed where relevant.

1. Architecture has at least one and a maximum number of energy sources (NE;max ).

This is implemented as -

1 � sum(X nodes[0 : NE ]) � NE;max (4.3)

2. Architecture has at least one and a maximum number of power sources (NP;max ).

1 � sum(X nodes[0 : NP ]) � NP;max (4.4)
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3. Architecture has at least one and a maximum number of thrust sources (NT;max ).

1 � sum(X nodes[0 : NT ]) � NT;max (4.5)

4. Power �ow continuity, i.e. there has to be a continuous power �ow path from an

energy source (es) to a thrust source (ts) through a power source (ps)

Cij ! Cjk ! ::: ! Cmn (4.6)

whereC 2 f Componentsg, i 2 f ESg, j 2 f PSg andn 2 f TSg

This constraint forces every node (except for thrust sources) that is selected to have

at least one incoming arc and one outgoing arc. Implemented through the use of a

global constraint calledOnlyEnforceIf,

f o r i i n range ( numComponents ) :

f o r j i n range ( numComponents ) :

( sum (Xarcs [ j ] [ i ] > = 1 ) . O n l y E n f o r c e I f ( node [ i ] )

f o r k i n range ( numComponents ) :

( sum (Xarcs [ i ] [ k ] > = 1 ) . O n l y E n f o r c e I f ( node [ i ] )

For thrust sources, there are no outgoing arcs, but the constraint is applicable to

incoming arcs.

5. (Optional) Inclusion of one component requires the inclusion of another. For exam-

ple, if a battery is chosen, then an inverter must be included in the architecture.

Cpq ) Crs (4.7)

This can also be implemented with the use of theOnlyEnforceIfglobal constraint.

(Xnodes [ p ] = 1 ) . O n l y E n f o r c e I f (Xnodes [ q ] )
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(Xnodes [ p ] = 0 ) . O n l y E n f o r c e I f (Xnodes [ q ] . Not )

Alternatively, another constraint could dictate the exclusion of a component if an-

other component is selected. For example, if jet fuel, then no liquid hydrogen as

energy source.

6. Symmetry constraints - if it is a symmetric aircraft, then the components on one side

of the plane of symmetry mirror the components on the other side. For example, if a

turbofan engine exists on the left wing, then the other instance of the turbofan engine

on the right wing must be selected too. This is enforced by grouping all instances of

a component under a unique identi�cation number (ID) and adding a constraint that

if a component is selected, then all the components sharing the same unique ID must

be selected too.

7. Other user-de�ned constraints such as - an architecture can have only one consum-

able energy source, a particular component is to be mandatorily included in the ar-

chitecture, etc.

Symmetry-breaking constraints

Apart from the problem-speci�c heuristics, another important feature of constraint satis-

faction problems is symmetry breaking. In a combinatorial problem, several solutions may

be not unique when variables are interchangeable, i.e. the order or arrangement of values

may be different but the values themselves might be the same. For example, considering a

simple Knapsack problem where the objective is to select 3 objects amongstf rock, paper,

scissors, lizard, spockg. A solutionf rock, paper, scissorsg would be considered different

from f paper, rock, scissorsg. But in reality, the order in which the objects are picked are

inconsequential.

Similarly, in the architecture enumeration problem, the order in which the nodes or

components are selected doesn't matter as long as they form a complete path. Symmetry
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breaking in this case, is achieved through the ordered numbering of the components and

the use of binary variables.

A harder problem for architecture enumeration is the presence of multiple instances of

the same component. For example, consider a distributed propulsion architecture consisting

of 4 identical electric motors (EM) and 4 identical propellers (P). Each of the electric motor

can connect to any of the propellers since they are all identical. Representing this in CP

terms -

X = f EM 1; EM 2; EM 3; EM 4; EM 5g

D = f d1 = f P1; P2; P3; P4; P5g;

d2 = f P1; P2; P3; P4; P5g;

d3 = f P1; P2; P3; P4; P5g;

d4 = f P1; P2; P3; P4; P5g;

d5 = f P1; P2; P3; P4; P5gg

For practical purposes, however, it does not matter which electric motor drives which pro-

peller. However, the solver would viewf EM1 ! P1; EM2! P2; EM3! P3; EM4!

P4; EM5! P5g as different fromf EM1 ! P2; EM2! P1; EM3! P3; EM4! P4;

EM5 ! P5g. Therefore, instead of �nding 1 solution that connects each electric motor to

1 propeller, it would �nd5! = 125 solutions with different permutations!

Instead of adding more constraints into the solver, symmetry-breaking here is done by

reducing the domain of the design variables during preprocessing. When extracting the

design variables from the CCM, the allowable connections between the electric motors and

propellers is predetermined. Instead of each electric motor being able to connect to any of

58



the propellers, it can only connect of one of them. Therefore, the problem reduces to -

X = f EM 1; EM 2; EM 3; EM 4; EM 5g

D = f d1 = f P2g; d2 = f P5g;

d3 = f P3g; d4 = f P1g; d5 = f P4gg

This reduced domain is represented in the A-matrix. Taking the example from before

(Eq. 4.2, applying symmetry-breaking to this architecture, the simpli�ed A-matrix becomes

-

A =

JF Batt GT 1 GT2 EM 1 EM 2 G1 G2 F 1 F 2
2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 0 1 1 0 0 0 0 0 0 JF

0 � 0 0 1 1 0 0 0 0 Batt

0 0 � 0 0 0 1 0 1 0 GT1

0 0 0 � 0 0 0 1 0 1 GT2

0 0 0 0 � 0 0 0 1 0 EM 1

0 0 0 0 0 � 0 0 0 1 EM 2

0 1 0 0 1 0 � 0 0 0 G1

0 1 0 0 0 1 0 � 0 0 G2

0 0 0 0 0 0 0 0 � 0 F 1

0 0 0 0 0 0 0 0 0 � F 2

4.3.3 CPSolver

Since the objective of this exercise is to generate all feasible architectures, there is no

need for an objective function. CP solvers search the solution space systematically, check

feasibility and reduce the variable or domain space. Common search algorithms imple-
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mented in CP solvers are backtracking, branch and bound, local search methods or hybrid

methods that combine techniques from different algorithms. Depending on the size of the

problem, the search time can be further reduced by specifying search heuristics (such as

depth-�rst or breadth-�rst), good initial guesses and symmetry breaking. CP solvers can be

implemented in any programming language. Commercially and publicly available solvers

include MiniZinc and Google OR-tools.

For a given architecture selection problem with several choices, if the compatibility be-

tween components can be speci�ed in the form of the CCM, and any additional constraints

de�ned, then the CP solver can search the design space by varying the design variables to

identify all physically compatible architectures. This process can be visualized as shown

in Fig 4.1.

Figure 4.1: Architecture Generation Process

The output of the CP solver are Architecture matrices, similar to the A-matrix, simpli-

�ed by eliminating rows and columns corresponding to components that weren't selected.

For the example discussed above (4.2), some of the solutions should be:
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1. Conventional architecture - consists of only the gas turbine powering the fan directly.

A 1 =

JF Batt GT 1 GT2 EM 1 EM 2 G1 G2 F 1 F 2
2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 0 1 1 0 0 0 0 0 0 JF

0 � 0 0 0 0 0 0 0 0 Batt

0 0 � 0 0 0 0 0 1 0 GT1

0 0 0 � 0 0 0 0 0 1 GT2

0 0 0 0 � 0 0 0 0 0 EM 1

0 0 0 0 0 � 0 0 0 0 EM 2

0 0 0 0 0 0 � 0 0 0 G1

0 0 0 0 0 0 0 � 0 0 G2

0 0 0 0 0 0 0 0 � 0 F 1

0 0 0 0 0 0 0 0 0 � F 2

This architecture can be visualized as shown in Fig. 4.2.

Figure 4.2: Conventional turbofan engine architecture

2. Fully turboelectric architecture - consists of only the gas turbine powering the fan
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electrically through the use of the generator.

A 2 =

JF Batt GT 1 GT2 EM 1 EM 2 G1 G2 F 1 F 2
2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 0 1 1 0 0 0 0 0 0 JF

0 � 0 0 0 0 0 0 0 0 Batt

0 0 � 0 0 0 1 0 0 0 GT1

0 0 0 � 0 0 0 1 0 0 GT2

0 0 0 0 � 0 0 0 1 0 EM 1

0 0 0 0 0 � 0 0 0 1 EM 2

0 0 0 0 1 0 � 0 0 0 G1

0 0 0 0 0 1 0 � 0 0 G2

0 0 0 0 0 0 0 0 � 0 F 1

0 0 0 0 0 0 0 0 0 � F 2

This architecture can be visualized as shown in Fig. 4.3.

Figure 4.3: Fully turbo-electric powertrain architecture

3. Series-hybrid electric architecture - similar to the fully turboelectric architecture
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along with a battery to supplement the electric power.

A 3 =

JF Batt GT 1 GT2 EM 1 EM 2 G1 G2 F 1 F 2
2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 0 1 1 0 0 0 0 0 0 JF

0 � 0 0 1 1 0 0 0 0 Batt

0 0 � 0 0 0 1 0 0 0 GT1

0 0 0 � 0 0 0 1 0 0 GT2

0 0 0 0 � 0 0 0 1 0 EM 1

0 0 0 0 0 � 0 0 0 1 EM 2

0 0 0 0 1 0 � 0 0 0 G1

0 0 0 0 0 1 0 � 0 0 G2

0 0 0 0 0 0 0 0 � 0 F 1

0 0 0 0 0 0 0 0 0 � F 2

This architecture can be visualized as shown in Fig. 4.4.

Figure 4.4: Series hybrid electric powertrain architecture

4. Parallel-hybrid electric architecture - where the fan is partly powered directly by the

gas turbine through the mechanical shaft and the rest of the power is supplied from
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the battery electrically.

A 4 =

JF Batt GT 1 GT2 EM 1 EM 2 G1 G2 F 1 F 2
2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 0 1 1 0 0 0 0 0 0 JF

0 � 0 0 1 1 0 0 0 0 Batt

0 0 � 0 0 0 0 0 1 0 GT1

0 0 0 � 0 0 0 0 0 1 GT2

0 0 0 0 � 0 0 0 1 0 EM 1

0 0 0 0 0 � 0 0 0 1 EM 2

0 0 0 0 0 0 � 0 0 0 G1

0 0 0 0 0 0 0 � 0 0 G2

0 0 0 0 0 0 0 0 � 0 F 1

0 0 0 0 0 0 0 0 0 � F 2

This architecture can be visualized as shown in Fig. 4.5.

Figure 4.5: Parallel hybrid electric powertrain architecture

Similarly, other architectures such as uncoupled parallel hybrid-electric and series/par-

allel partial hybrid-electric can also be generated using Constraint Programming.

The compatibility between aircraft con�guration, propulsion location and powertrain

con�guration requires a deeper understanding of the underlying concepts and hence re-

quires SME input. This may vary with aircraft con�guration and PAI concept and hence,
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cannot be generalized. Therefore, SME knowledge will need to be used to generate sepa-

rate CCM for each aircraft con�guration and PAI concept combination.

4.4 Implemenatation

The architecture enumeration methodology described in the above section is implemented

in Python using an open-source software suite for constraint programming called Google

OR-Tools [130]. The input to the CP model and solver is the CCM. From the CCM, all the

design variables are identi�ed. Every component in the CCM becomes a binary, ”node”

variable, and each possible connection between components becomes a binary, ”arc” vari-

able. Another key input is the incompatible energy sources and the ”must include” compo-

nents. Constraints are set such that the incompatible energy sources are not both included

in the architecture, and using a similar principle, the ”must include” components are set to

always be a part of the generated architecture. Another key constraints include the mini-

mum and maximum allowable number of energy sources, power sources and thrust sources.

By default, every architecture should include at least one energy source, two power sources

and two thrust sources due to redundancy requirements. But these along with the max-

imum number can be adjusted by the user. Internally de�ned constraint is the continuity

constraint to ensure that continuous �ow of power from one component to another through-

out the powertrain. This is de�ned through the use of the ”arc” variables. Every energy

source should have at least one outgoing arc. Every thrust source should have at least one

incoming arc. And all the other components should have at least one incoming and one out-

going arc. Lastly, symmetry-breaking constraint is also implemented using ID numbers to

identify instances belonging to the same component and ensuring the previous and the next

components connect to each instance in a pre-de�ned manner. These are the mandatory

constraints for all problems in general. Any additional architecture-speci�c constraint will

need to be added to the Python code in the �le called”ArchGen.py”. The solver settings

are set to default to ensure universality since there is no deep knowledge available about
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future concepts.

4.5 Experiment 1: Powertrain architecture enumeration for notional aircraft with

distributed propulsion and boundary layer ingestion

The objective of this �rst experiment is to prove the hypothesis that physically compatible

architectures can be enumerated using using Constraint Programming for a given set of

powertrain component alternatives and �xed aircraft con�guration and PAI concept where

the compatibility between different powertrain components is known. The resulting ar-

chitectures are then compared to those either found in the literature or ones which can be

easily generated manually based on other known powertrain con�gurations.

4.5.1 Designof Experiment

A notional large single-aisle, 150-passenger aircraft, similar to the Airbus A320neo, is

assumed to be the baseline aircraft with a notional powertrain architecture. Along with the

powertrain architecture, the number of propulsors are also assumed to be a variable, with a

number of one propulsor and upto 5 totally. The different propulsor location options with

distributed propulsion and boundary layer ingestion are depicted in Fig. 4.6.

With only one propulsor, the only location option is the aft-fuselage or tailcone. If the

architecture consists of 2 propulsors, they can either be under the wing or at the wingtip. In

the case of a third propulsor, considering symmetry constraints, the third propulsor would

be the aft-fuselage. Four propulsors would mean distributed propulsor along the wing. And

�nally, the �ve propulsor architecture would combine all of the different options, i.e. two

wingtip propulsors, two additional propulsors inboard on the wing, and one �nal boundary

layer ingesting tailcone propulsor.
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(a) One propulsor architec-
ture

(b) Two underwing propul-
sors architecture

(c) Two underwing propul-
sors architecture

(d) 3 propulsors (2 under-
Wing + 1 tailcone) propulsors
architecture

(e) 3 propulsors (2 wingtip +
1 tailcone) architecture (f) 4 propulsors architecture

(g) 5 propulsors architecture

Figure 4.6: Propulsor options for notional aircraft con�guration

Rationale

This experiment is speci�cally designed to substantiate the hypothesis because with dual

energy sources and 5 propulsor options, there are several ways to power the propulsors us-

ing 1 or more energy sources. This notional architecture integrates several novel concepts
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from the literature such as hybridization, distributed propulsion and boundary layer inges-

tion. This serves as a good use case to demonstrate the capabilities of the method since the

architecture space is large enough to show the bene�t in terms of time and the number of

alternatives generated using Constraint Programming compared to manual generation.

Problem De�nition

For the purposes of this experiment, the aircraft con�guration is assumed to be �xed, and

the powertrain con�gurations and the energy sources will be varied. The design choices

available are:

• Energy sources: Jet fuel/ SAF, Battery

• Powertrain con�gurations: Each of the propulsors can be powered by up to two en-

ergy sources

Other available components to form the powertrain include - gas turbine (GT), gen-

erator (G), inverter (I), electric motors (EM1, EM2 and EM3), wingtip propulsor (P1),

inboard propulsor (P2) and tailcone propulsor (P3). There are 3 groups of electric motors

since there are 3 different propulsor types and locations. The assumption here is that each

electric motor group can connect to only one type of propulsor. For example, EM1 can

drive only P1, EM2 can only drive P2 and EM3 can only drive P3. Additionally, the degree

of hybridization can be a variable in the aircraft design. Therefore, the propulsors could

be sized differently, and therefore, each electric motor group could be of different sizes as

well.

Additionally, for the propulsor locations identi�ed in Fig. 4.6, the following 2 incom-

patibilities are speci�ed:

1. the gas turbine engine cannot be placed at the wingtip due to structural considerations

for large aircraft. Therefore, the wingtip propulsor can only be driven electrically.

2. the tailcone propulsor can also be driven electrically only.
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For each powertrain component, including the energy source alternatives, the next com-

patible/ connectable component, the number of instances, and whether the component must

be included in the powertrain is identi�ed as shown below. Additionally, for energy sources,

any other known incompatibilities with other energy source alternatives is also stated.

• Jet fuel/ SAF -

next: Gas turbine

numInstance: 1

mustInclude: False

incompatibleES: None

• Battery -

next: Inverter

numInstance: 1

mustInclude: False

incompatibleES: None

• Gas turbine -

next: [Generator, P1]

numInstance: 2

mustInclude: False

• Generator -

next: [EM2, EM3]

numInstance: 1

mustInclude: False

• Electric motor 3 (EM3)-

next: P3

numInstance: 2

mustInclude: False

• Inverter -

next: [EM1, EM2, EM3]

numInstance: 1

mustInclude: False

• Electric motor 1 (EM1) -

next: P1

numInstance: 2

mustInclude: False

• Electric motor 2 (EM2)-

next: P2

numInstance: 2

mustInclude: False

• Wingtip propulsor (P1) -

next: None

numInstance: 2

mustInclude: False

• Inboard propulsor (P2) -

next: None

numInstance: 2

mustInclude: False
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• Tailcone propulsor (P3) -

next: None

numInstance: 1

mustInclude: False

Component-Compatibility Matrix

The information given above about the components and their connections is synthesized in

the form of the Component-Compatibility Matrix. The CCM for the selected test case is

shown below. This identi�es all the possible connections between the individual component

groups.

CCM =

JF B GT G I EM 1 EM 2 EM 3 P1 P2 P3
2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 0 1 0 0 0 0 0 0 0 0 JF

0 � 0 0 1 0 0 0 0 0 0 B

0 0 � 1 0 0 0 0 1 0 0 GT

0 0 0 � 0 0 1 1 0 0 0 G

0 0 0 0 � 1 1 1 0 0 0 I

0 0 0 0 0 � 0 0 1 0 0 EM 1

0 0 0 0 0 0 � 0 0 1 0 EM 2

0 0 0 0 0 0 0 � 0 0 1 EM 3

0 0 0 0 0 0 0 0 � 0 0 P1

0 0 0 0 0 0 0 0 0 � 0 P2

0 0 0 0 0 0 0 0 0 0 � P3

Constraint Programming Model

Based on the CCM and the number of instances speci�ed for each component, the A-matrix

is derived automatically. Based on the the component groups, symmetry-breaking rules are

applied prior to the optimization to decrease the number of design variables and simplify
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the process. The values set to 0 after applying this rule is highlighted in the A-matrix shown

below.

A =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

� 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 JF

0 � 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 B

0 0 � 0 1 0 0 0 0 0 0 0 1 0 0 0 0 GT1

0 0 0 � 0 1 0 0 0 0 0 0 0 1 0 0 0 GT2

0 0 0 0 � 0 0 0 0 1 0 1 0 0 0 0 0 G1

0 0 0 0 0 � 0 0 0 0 1 1 0 0 0 0 0 G2

0 0 0 0 0 0 � 1 1 1 1 1 0 0 0 0 0 I

0 0 0 0 0 0 0 0 � 0 0 0 1 0 0 0 0 EM 1(1)

0 0 0 0 0 0 0 0 0 � 0 0 0 1 0 0 0 EM 1(2)

0 0 0 0 0 0 0 0 0 � 0 0 0 0 1 0 0 EM 2(1)

0 0 0 0 0 0 0 0 0 0 � 0 0 0 0 1 0 EM 2(2)

0 0 0 0 0 0 0 0 0 0 0 � 0 0 0 0 1 EM 3

0 0 0 0 0 0 0 0 0 0 0 0 � 0 0 0 0 P1(1)

0 0 0 0 0 0 0 0 0 0 0 0 0 � 0 0 0 P1(2)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 � 0 0 P2(1)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 � 0 P2(2)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0� P3

Design variables and domains

In this experiment, there are a total of 17 components (including every instance of each

component group) that can be included in the powertrain and 21 possible connections be-

tween these components. These correspond to 17 ”nodes” and 21 ”arcs” variables. The

”nodes” are all the component instances and the ”arcs” are -f f JF-GT1, JF-GT2g, f B-Ig,
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f GT1-G1, GT1-P1(1)g, f GT2-G2, GT2-P1(2)g, f G1-EM2(1), G1-EM3g, f G2-EM2(2),

G2-EM3g, f I-EM1(1), I-EM1(2), I-EM2(1), I-EM2(2), I-EM3g, f EM1(1)-P1(1)g, f EM1(2)-

P1(2)g, f EM2(1)-P2(1)g, f EM2(2)-P2(2)g, f EM3-P3g g. This leads to a total of 38 design

variables. The domains of all the variables are [0, 1].

Constraints

Key constraints in terms of maximum allowable energy sources, power sources and thrust

sources are listed below.

1. for energy sources:1 � sum(ES) � 2

2. for power sources:1 � sum(PS) � 4

3. for thrust sources:1 � sum(TS) � 5

Another heuristic that is implemented as an additional constraint is: the power distribution

on the wings should be symmetrical along the longitudinal axis. Apart from the built-in

symmetry-breaking rules in the preprocessor, no other additional constraints are imposed

in this experiment. We do not mandate that any of the components be included in all the

solutions nor do we externally impose a dependency between any two components. It is

left to the optimizer to �nd all possible solutions.

Implementation:

The proposed methodology to enumerate architectures using Constraint Programming de-

scribed in this chapter is implemented in Python using Google OR-tools as the the CP

solver. The method takes as inputs a .txt �le listing all the required information for all the

components such as number of instances, whether it must be included in the solution, and

the next component that connects to. The method also requires the minimum and maxi-

mum number of energy sources, power sources and thrust sources that can be included in

the architectures. The CP solver is set to search for all feasible solutions using Portfolio
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search technique, where the solver tries a few search strategies to build a portfolio of search

strategies to apply to the problem.

4.5.2 Results

In order to substantiate Hypothesis 1, the architecture alternatives generated using CP

should be compared to ones found in the literature. However, this particular notional ar-

chitecture example is inspired by NASA's SUbsonic Single Aft eNgine (SUSAN) elec-

trofan (Ref. [131]) and the Parallel Electric-Gas Architecture with Synergistic Utilization

Scheme (PEGASUS) aircraft concepts described in the study by Antcliff et al. [72, 132].

The SUSAN aircraft is a 180-passenger aircraft concept with a single turbofan engine lo-

cated aft-fuselage that drives wing-mounted electric propulsors, along with electric power

from a battery system. It is an example of a series-parallel partial hybrid electric power-

train concept since it employs two energy sources, and the turbofan engine powers both a

mechanical and electric propulsors.

Validatation Dataset

Since there are no other architectures in the study, architectures will be manually gener-

ated considering turboelectric, series, parallel and series/parallel partial hybrid powertrain

con�gurations along with the different energy sources. This will be considered as the val-

idation case and the results from the proposed approach will be compared against it. For

the sake of simplicity, the architectures that are created as part of the validation dataset

are called ”expected” and identi�ed so in the �gures shown in the next subsection on CP

solutions.

CP Solutions

The architectures generated for each of the different propulsor options are depicted in the

following section. For every solution, whether each propulsor is driven electrically or me-
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chanically or both is identi�ed (indicated by the ”M”, ”E” or ”M/E” in the �gures), along

with the power source driving the propulsor (Orange boxes are gas turbine driven propul-

sors, and blue boxes for battery driven propulsors). And �nally, whether the generated

architecture was ”expected”, i.e. was part of the validation dataset, or is a ”new” architec-

ture, i.e. not studied before is indicated by a green solid box or a red dotted-dashed box

around the architecture respectively. This legend is also shown in Fig. 4.7 and is applicable

for all the solutions.

One propulsor architectures

Given the constraint that the tailcone propulsor can be driven electrically only, and that

in case of a gas turbine, the engine must be co-located with the propulsor, there is only

one valid solution, as shown in Fig. 4.7, which is a fully battery powered electric aircraft

with a single tailcone propulsor. For the sake of completeness and for academic purposes,

this particular concept included here, but practically this is not a feasible concept. This is

due to lack of a backup power source in case of any component failure. Additionally, even

assuming a backup Auxiliary Power Unit (APU), this is still not a good concept because of

the low battery speci�c energy resulting in really heavy aircraft with shorter ranges for the

aircraft class under consideration.

Figure 4.7: Generated architecture with one propulsor

Two propulsor architectures

For the two propulsor architectures, there are 2 main possible con�gurations for the
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propulsor locations - underwing and wingtip. For each category, there are 3 architectures

that were generated as such below in Figs. 4.8 and 4.9. Most of these solutions are expected

or found in the architecture. Based on electri�ed propulsion nomenclature, these would be

the conventional underwing turbofan architecture, fully battery electric for both the under-

wing and wingtip architectures, parallel-hybrid electric for the underwing propulsors and

fully turboelectric for the wingtip propulsors. The one ”new” concept here is the series

hybrid-electric concept with both the jet-fuel powered gas turbine and battery driving the

electrical fan at the wingtip.

Figure 4.8: Generated architecture with two underwing propulsors

Figure 4.9: Generated architecture with two wingtip propulsors

Qualitative reasoning would lead to the conclusion that this architecture would be too

heavy due to the additional electrical components included in the powertrain and the ef-

�ciency bene�t might not be suf�cient to overcome this weight penalty. However, still
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studying such a concept could lead to a deeper understanding about the technology and

hybridization tradeoff space. Since the computation expense of studying an additional con-

cept using pre-conceptual design methodology is low, there is no reason to eliminate this

precariously.

Three propulsor architectures

Three propulsor architectures are essentially the 6 two-propulsor architectures with the

additional tailcone thruster that is driven electrically by the battery as shown in Figs. 4.10

and 4.11.

Figure 4.10: Generated architecture with three propulsors (2 underwing + 1 tailcone)

Figure 4.11: Generated architecture with three propulsors (2 wingtip + 1 tailcone)

Four propulsor architectures

The true functionality of this method becomes clearer with distributed propulsion with

higher number of propulsors. There are 9 possible solutions with 4 propulsors as shown
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in Fig. 4.12. The ones generally studied or found in the literature include battery-powered

fully electric, jet-fuel powered partially turboelectric, uncoupled parallel hybrid-electric

(where the gas turbine driven propulsors are different from the battery driven propulsors),

and the series hybrid-electric where the gas turbine drives the underwing propulsors elec-

trically and the battery drives the wingtip propulsors. Uncommon or novel architectures

are architectures that share the same name as some of the aforementioned concepts but

physically look different. These include the parallel hybrid-electric architectures as shown

in the �gure below, where the underwing fan is driven in parallel by both the gas turbine

and the battery, and the wingtip propulsors are electrically driven either by the gas turbine

or the battery. The series hybrid-electric architecture where the battery solely drives the

underwing propulsor and the wingtip propulsor is driven electrically in parallel by the bat-

tery and the gas turbine-generator. Other new architectures are the series/ parallel partial

hybrid-electric, which are essentially the uncoupled and coupled parallel hybrid-electric

concepts (for the underwing fan) with the wingtip propulsor being driven electrically by

both the battery and gas turbine-generator in parallel.

Five propulsor architectures

The 5 propulsor architectures are essentially the 9 four-propulsor architectures with a

battery-driven tailcone thruster as shown in Fig. 4.13.

Conclusion

In order to substantiate the hypothesis, in simple words, it had to be demonstrated that

the enumerated architectures include all the ones typically found in the literature and also

includes ones that have not been studied previously. The following questions help demon-

strate the objective.

• Number of architectures from literature = 18

• Number of solutions from CP architecture enumeration = 31
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Figure 4.12: Generated architecture with four propulsors

• Are the number of CP solutions greater than the number of architectures from the

literature? YES!

• Are all the architectures from the literature part of the solution set from CP architec-

ture enumeration? YES!

• Are there solutions from the CP architecture enumeration that are not studied in the

literature? YES!

This shows that the hypothesis has been substantiated. Therefore, the �rst experiment
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Figure 4.13: Generated architecture with �ve propulsors

validates the methodology proposed for architecture enumeration, and the methodology is

shown to output *all* solutions.

4.6 Chapter Summary

In this chapter, Step 4 of the overall process, i.e. the generation of alternatives for novel,

unconventional aircraft concepts was addressed. Existing methodologies rely on Subject-

Matter Expert knowledge to generate and downselect architectures to study or model fur-
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ther. This approach would lead to promising architectures being overlooked. Additionally,

studying such architectures, even if there are infeasible now, could help understand the

tradespace better, especially in terms of technology impact. Therefore, an architecture enu-

meration methodology using Constraint Programming was proposed. For the purposes of

this thesis, aircraft con�guration and PAI concept is assumed to be known and �xed. This is

because any con�gurational change has a huge impact on the aerodynamics, which requires

more in-depth modelling than can be included at the pre-conceptual design stage.

The research question addressed in this chapter pertained to the enumerating the ar-

chitecture space. It was hypothesized that if the compatibility between the components

is known and the aircraft con�guration along with the PAI concept is �xed, then possible

architectures can be automatically generated from a given set of energy source alternatives

and powertrain components using Constraint Programming. To this end, the Constraint

Programming model with the nodes and arcs design variables is de�ned. Constraints to

ensure feasibility of the solutions are implemented. Finally, the CP solver enumerates the

solutions.

A design of experiment to prove the hypothesis was discussed. The objective here was

to show that the architectures generally seen in the literature are replicated by the enumer-

ator along with new solutions that are not found in the literature. A 150-pax conventional

tube-and-wing aircraft was assumed to be the baseline. The number of the propulsors was

allowed to vary between 1 and 5, with pre-de�ned propulsor layouts. The enumerator was

run with some design constraints such as ”the tailcone thruster can only be driven electri-

cally by the battery” and ”the wingtip propulsor cannot be a turbofan engine”. The �nal

solutions obtained satisfactorily demonstrated that the enumeration methodology is able to

generate possible architectures automatically.
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CHAPTER 5

AIRCRAFT DESIGN EVALUATION

5.1 Introduction

Once the architectures are enumerated, the design space for each architecture needs to be

explored and evaluated. This chapter discusses the modeling approach for novel concepts,

and new parameters necessary to model these concepts are de�ned. Key �gures of merit

for novel concepts are also discussed and equations to evaluate them are derived. The main

research question being addressed in this chapter is -

RQ2: How can novel aircraft concepts be modeled and evaluated?

As discussed in Chapter 2, there are several sizing and performance assessment methods

that have been proposed. Many of these methods have been developed for speci�c appli-

cations. Pornet et al. [133] proposed a sizing and performance methodology for hybrid-

energy aircraft that can be integrated into existing sizing and performance programs. Seitz

et al. [134] proposed a uni�ed theoretical pre-design method for power plant sizing as well

as aircraft integration and performance assessment with Thrust Speci�c Power Consump-

tion (TSPC) and ESAR as �gures of merit for fully electric propulsion aircraft using an

Aircraft Propulsion System Simulation framework implemented in MATLAB. Steiner et

al. [74] analyzed the impact of varying the number of propulsors for a fully electric trans-

port aircraft using Pacelab APD, which is a conceptual aircraft design tool. Cinar et al.

[66] analyzed the system level and aircraft level performance of battery powered parallel

hybrid-electric architectures with different technology assumptions in Pacelab SysArc.

These tools require a lot of details about the architecture design, which may be un-

available at the architecture selection phase. Moreover, using conceptual design tools to

evaluate the vast architecture space is a computationally expensive process. Since our fo-
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cus here is to evaluate a large number of concepts using lower level of detail, ”pre-design”

or ”pre-conceptual design” methods such as in [92] can be employed. A more detailed

analysis using a conceptual design tool can be used further in the process.

Isikveren et al. [92] derived algebraic expressions based on �rst principles to evaluate

any advanced dual-energy storage-propulsion-power system that has been used to evalu-

ate several hybrid-electric architectures [91, 135, 136, 137]. Furthermore, this approach

can be graphically visualized in the form of quadrant-based algorithmic nomographs or

”quad-noms”, which can quickly indicate the combinations of design variables necessary

to meet the requirements [97]. This is a very powerful method that is applicable to most

aircraft concepts with any propulsion, airframe aerodynamics and structures. However, in

this approach not all of the concepts under consideration can be modelled, such as aircraft

with more than 2 energy sources, or distributed propulsion. Therefore, a more general-

ized approach that is applicable to aircraft with unconventional airframe con�gurations,

advanced propulsion systems, alternative energy sources and different propulsion-airframe

integration concepts is needed.

When evaluating more electric aircraft concepts, Chakraborty [138] stated that aircraft-

level metrics (example, fuel consumption) is affected by an aircraft subsystem through its

mass, shaft power requirement, bleed air requirement and drag. Cinar [100] generalized it

to include electri�ed propulsion concepts and stated that a new subsystem affect the aircraft

energy consumption through weight, drag and power consumption instead. However, for

the novel concepts under consideration such as alternative energy sources and propulsive-

airframe interaction concepts, the power consumption is, in fact, dependent on the power-

train ef�ciency and drag. Additionally, energy sources like liquid hydrogen and ammonia

have an impact on the overall size of the aircraft through their volume requirement. As

discussed in Chapter 1, liquid hydrogen requires four times the volume required by con-

ventional jet fuel to provide the same amount of energy [24]. Depending on where this

additional fuel is stored, the aircraft may need to be sized up. Therefore, for novel, uncon-
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ventional concepts, the energy consumption of the aircraft is impacted by the technology

or concept weight, aerodynamic ef�ciency or drag, powertrain ef�ciency and volume.

Aircraft-level metrics generally refer to weight and fuel burn or fuel consumption for

traditional aircraft. With the introduction of fully electric and electri�ed propulsion con-

cepts, which do not burn any fuel, instead of fuel consumption, energy consumption is

considered a more appropriate or relevant metric to compare different concepts. Energy

consumption is an important metric, that also acts as a surrogate for operating costs for air-

lines. However, the focus of sustainable aviation or zero impact or zero emissions aviation

includes other metrics such as emissions, noise, land and water use, resource management,

etc. From an aircraft design perspective, key metrics here are emissions and noise. Many

studies have de�ned their own �gure of merits such as ESAR [134], PREE [75, 94, 95, 96]

and PSEC [88]. The AIAA Aircraft Electric Propulsion and Power (AEPP) Working group

proposed using ESAR as an aircraft-level key performance indicator along with fuel burn

and energy consumption [139]. The Long-Term Aspirational Goal (LTAG) report from

International Civil Aviation Organization (ICAO) Committee on Aviation Environmental

Protection (CAEP) used energy intensity or energy consumption per revenue tonne kilome-

tre (MJ=RTK ) [140]. Therefore, there are many useful aircraft performance indicators.

The aircraft-level metrics of interest for this thesis will be described and discussed in later

sections in this chapter.

For each concept category, i.e. unconventional airframe con�gurations, advanced propul-

sion systems, alternative energy sources and PAI concepts, key impacts are identi�ed as

shown in Fig. 5.1. Aircraft performance, here, refers to any of the metrics described above.

New airframe con�gurations, such as the truss-braced wing and blended wing body, affect

the aircraft empty, drag and volume. There is no direct impact on the powertrain ef�ciency.

Advanced propulsion systems, quite obviously affect the powertrain ef�ciency along with

the aircraft empty weight. Alternative energy sources, as discussed above affect the volume

required. Another impact of alternative energy sources, commonly overlooked, is the air-
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craft empty weight through the fuel tank weight. And lastly, PAI concepts have an impact

on the aero and powertrain ef�ciencies as well as the aircraft empty weight.

Figure 5.1: Impact of different concepts and technologies on aircraft performance

In general, aircraft conceptual or pre-conceptual design consists of the following steps

that are carried out in an iterative loop:

1. aircraft geometry de�nition

2. aerodynamic analysis

3. propulsion system sizing

4. energy system sizing (generally through mission analysis)

5. weights estimation

6. performance analysis

The impact of the new concepts/ technologies feeds into this process. So, will of these

steps will be addressed below.

5.1.1 Aircraft geometryde�nition & aerodynamicanalysis

Capturing the impact of airframe con�gurations on aircraft drag and volume, generally re-

quires detailed aerodynamic analysis through Computational Fluid Dynamics (CFD) simu-

lations or a lot of historical data to generate surrogate models or empirical estimation equa-

tions. For novel, unconventional airframes, there is no historical data to derive predictive
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equations. And since the purpose of this thesis is to provide a quick, low-level evaluation

and comparison of different concepts, running CFD simulations is computationally very

expensive and impractical. Same applies for different PAI concepts as well. Therefore,

for the purposes of this thesis, the impact of airframe con�gurations and PAI concepts is

assumed to be known and �xed. So, the focus on the evaluation section is on advanced

propulsion concepts and alternative energy sources. However, one should note that, if the

drag and volume impact of different airframes/ PAI concepts are known, then the overall

methodology can be repeated for any number of airframes/ PAI concepts of interest.

The aircraft con�guration, i.e. the layout and geometry is assumed to be �xed or scaled

based on a known baseline. For example, the fuselage length is assumed to be �xed unless

it is an aircraft carrying an energy source in its fuselage such that the fuselage length needs

to be extended. The wing airfoil is unchanged, so the drag polars are assumed to be the

same as the baseline. The wing geometry, in terms of aspect ratio, thickness-to-chord ratio,

taper ratio, can be scaled based on scaling factors (either in the form of a multiplier or an

adder/subtractor). Detailed aerodynamic analysis is out of scope for the thesis. The key

aerodynamic inputs necessary for the analysis are maximum lift coef�cient, zero-lift drag

coef�cient and lift-to-drag ratios. Therefore, with any change in geometry, the correspond-

ing changes in these values need to be speci�ed by the user.

5.1.2 Propulsionsystemsizing

The propulsion system should be sized to meet the power requirements for different mis-

sion points such as takeoff and top-of-climb. The power requirement is dependent on the

aircraft drag, weight, ef�ciency and the mission requirements. And this is affected by the

powertrain con�guration and the PAI concepts. Current methods and tools are generally

focused on one or a few types of con�gurations and cannot be generalized. Therefore, this

leads us to one of the sub-objectives for this research question.

RQ 2.1: How can powertrain con�gurations be modeled to capture their impact
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on aircraft weight and powertrain ef�ciency?

5.1.3 Energysystemsizing

Energy sources affect aircraft performance through weight and volume as shown in Fig.

5.1. The energy weight in conventional jet fuel burning aircraft is simply a function of

the total energy required to �y the design mission, which in turn depends on the mission

requirements, aircraft weight and drag. The jet fuel weight and energy, or rather heat is

correlated using its Lower Heating Value (LHV) or Net Calori�c Value (NCV) that means

the amount of heat released by combusting a unit quantity of fuel. This has the units

MJ/kg, kWh/kg or BTU/lb. The same relationship can be expressed in terms of Speci�c

energy or Gravimetric speci�c energy or Gravimetric energy density (SE), that is de�ned

at the amount of energy expended per unit weight of fuel, and has the same units as LHV.

However, for multiple energy source systems, the weight of each energy source depends on

how each energy source is used during the mission. Authors have explored different ways

of managing the energy sources throughout the mission and have used different methods to

size them.

At the aircraft-level, the choice of energy sources also affects the energy requirement

throughout the mission. Certain energy sources such as jet fuel, SAF andLH 2 burn through

the mission, decreasing the aircraft weight. Batteries, on the other hand, have constant

weight. Certain types of batteries (Lithium-oxygen or Lithium-air), in fact, increase in

weight as they are used. Therefore, the modeling approach for different energy sources

may need to be different. This leads to the second sub-objective, which is-

RQ 2.2: How can energy sources be modeled to capture their impact on aircraft

weight and volume?
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5.1.4 Weightsestimation

The total aircraft gross weight, in general, can be expressed as the sum of empty weight,

payload, crew and energy weight.

W = Wempty + Wpayload + Wcrew + Wenergy (5.1)

Payload weight (Wpayload) and crew weight (Wcrew ) are based on aircraft requirements.

Empty weight (Wempty ) encompasses the structural weight of the airframe, propulsion sys-

tem weight and other subsystem weights. Energy weight (Wenergy ) refers to the total weight

of the energy sources.

During the conceptual design phase, conventionally empty weight fractions and fuel

weight fractions are used based on historical data. However, since this approach is no

longer valid for novel concepts due to the lack of historical data, the total aircraft weight

needs to be built-up. The energy weight estimation will be discussed in RQ 2.2.

For the empty weight estimation, this is further broken down into individual component

groups and then summed up. Using the nomenclature followed in the Flight Optimization

System (FLOPS) conceptual design tool by NASA [141], empty weight is broken down as

shown in Eq. 5.2.

Wempty = Wstruct + WpropSys + Wsys (5.2)

where

Wstruct = structural weight that includes fuselage, wings, horizontal tail, vertical tail, land-

ing gear, etc.

WpropSys = propulsion system weight that includes engines, thrust reversers, fuel system,

etc.

Wsys = systems weight that includes surface controls, hydraulics, electrical, avionics, in-

struments, anti-icing, etc.
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The propulsion system weight estimation will be discussed in detail under RQ 2.1. The

structural weight is affected by its airframe con�guration. Since the baseline aircraft con-

�guration is assumed to be known, the individual structural components such as fuselage,

wings, etc. are assumed to be scaled based on the baseline component weights. The impact

of any new technologies for these components is captured through the use of k-factors.

Similarly, since no new system or subsystem architectures are considered within the

scope of this thesis, the systems weights are also either scaled from the baseline, or esti-

mated using aircraft design variables that change due to the advanced propulsion system

or alternative energy sources. This is based on the equations used in FLOPS for individ-

ual component weight estimation [142]. As examples, the fuselage, surface controls and

avionics weights estimation equations are shown in Eq. 5.3.

Wfuse = kWfuse �
XL

XL baseline

1:28

� Wfuse baseline

Wsc = kWsc �
V max

V maxbaseline

0:52

�
GW

GWbaseline

0:32

�
S

Sbaseline

0:6

� Wscbaseline

Wav = kWav � 15:8 � R0:1 � N 0:7
f lcr � A0:43

f

(5.3)

where

kWfuse , kWsc , kWav = technology k-factors for fuselage, surface controls and avionics

weights respectively

XL = fuselage length inf t

V max = max cruise speed

GW = gross weight inlbs

S = wing area inf t 2

R = range innmi

N f lcr = number of �ight crew

A f = fuselage planform area inf t 2
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The rest of the component weight estimation equations are included in Section 5.5.5.

5.1.5 Performanceanalysis

In traditional aircraft design, the most common Key Performance Indicator (KPI)s at the

aircraft level are weights (gross weight, operating empty weight), fuel burn and speci�c air

range (SAR). At the propulsion system level, KPIs include Thrust Speci�c Fuel Consump-

tion (TSFC) and propulsion system overall ef�ciency. However, for novel aircraft concepts,

since there may or may not be any fuel-burning engine, several authors have proposed and

used different KPIs as discussed in Section 5.1.

Given the focus of this thesis is on novel, unconventional, sustainable aviation concepts,

key metrics of interest at the aircraft level are aircraft weights, energy consumption and

emissions. Additional metrics, such as ESAR as proposed by the AIAA Aircraft Electric

Propulsion and Power (AEPP) Working group [139] andMJ=ATK as proposed by the

ICAO CAEP [140], can be determined based on the aircraft weight, overall chain ef�ciency

and range. At the propulsion system level, if the overall chain ef�ciency or the Global Chain

Ef�ciency (GCE) is known, then the TSPC can be easily determined.

Therefore, it is imperative that the aircraft weight, energy consumption, range and over-

all ef�ciency are determined correctly. Moreover, the objective of this thesis is to automate

and generalize the methodology for all new concepts, the equations to determine these met-

rics must be generalized such that they are applicable to all concepts. There is currently no

such equations in the literature. Therefore, this leads to the next sub-objective within this

research question -

RQ 2.3: How can key performance indicators or aircraft-level metrics be deter-

mined for novel concepts?

Each of the aforementioned sub-research questions will be discussed in the following

sections. The hypothesis and the methodology proposed for each of these will form the

core of the aircraft pre-conceptual design methodology.

89



5.2 RQ 2.1 - Propulsion System Modeling

Different powertrain con�gurations, especially pertaining to the electri�ed propulsion space,

were discussed in detail in Chapter 1. To summarize brie�y, advanced propulsion systems

could include -

• single energy source systems powering different types of power sources (example,

liquid hydrogen hybrid powertrains whereLH 2 powers a gas turbine engine as well

as a fuel cell),

• single power source driving different types of thrust sources (example, jet fuel pow-

ered gas turbine engine driving a mechanical propulsor as well as a driving electric

propulsor(s) through a generator. This is commonly known as a partially turboelec-

tric powertrain architecture)

• multiple energy source systems (example, parallel hybrid-electric powertrains with

jet fuel and batteries as the dual energy sources)

• multiple energy source systems with power sources driving different thrust source

types (example, a series-parallel partial hybrid-electric architecture, which is a par-

tially turboelectric architecture with a battery acting as a secondary energy source

and powering one or more propulsors)

The �rst impact of the propulsion system on aircraft performance is through its weight.

Section 5.2.1 discusses how the weight estimation has been done traditionally and if any

modi�cations to this process is required for novel systems.

The other impact of propulsion system on aircraft performance is through its powertrain

ef�ciency. For conventional turbofan engines, overall ef�ciency is calculated as the product

of thermal ef�ciency and propulsive ef�ciency. This de�nition is not valid for advanced

propulsion systems like in the case of electri�ed propulsion. Nomenclature to describe and
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determine the powertrain ef�ciencies for different architectures will be discussed in Section

5.2.2.

Therefore, this leads us to the following hypothesis for this research question -

HYPOTHESIS 2.1: The impact of the propulsion system on overall aircraft perfor-

mance in terms of ef�ciency and weight can be determined if the powertrain com-

ponent weights can be correlated to their output power, and component ef�ciencies

along with the amount of hybridization at different parts of the powertrain not only

at the sizing point but also the power management during the mission is known.

5.2.1 Weightestimation

The weight of the propulsion system in generally bookkept as part of the aircraft operating

empty weight in Eq. 5.1. During early conceptual design stages, aircraft designers do not

generally estimate the propulsion system weight separately. Instead, they rely on historical

data of existing aircraft to estimate an overall empty weight fraction [143, 144]. This is

generally referred to as Class-I weight estimations. Fig. 5.2 shows an example of statistical

trends for aircraft of different classes. This assumes that for a given type or class of aircraft,

the empty weight fraction is proportion to the gross weight of the aircraft. And within the

empty weight group, the ratio of propulsion system weight to the operating empty weight

would more or less follow the historical trend, implying evolutionary design improvements.

Similarly, there are several statistical equations to estimate propulsion system weight

speci�cally, derived based on historical data correlating different engine parameters such

as mass �ow, thrust, fan diameter, bypass ratio, overall pressure ratio, fan pressure ratio,

turbine entry temperature, etc. [145, 146, 147, 148, 149, 150]. A more detailed description

of these methods and their comparison with one another can be found in Lolis [151, 152].

However, new propulsion system concepts being researched and pursued are examples of

radical or revolutionary design changes. This implies that weight estimates might differ

largely from historical trends. Therefore, previously existing trends cannot be used to es-
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Figure 5.2: Empty weight fraction historical trends for all types of aircraft [143]

timate propulsion system weights or empty weights for new concepts. Furthermore, since

there are currently no �ying aircraft incorporating all the different powertrain architectures

under consideration, there is no historical data to base new weight predictions.

A more detailed approach to propulsion system weight estimation is by estimating the

weight of each individual component in the propulsion system such as compressors, tur-

bines, inlet, nozzles, etc. This can be done either through analytical, empirical or semi-

empirical equations. An empirical method based on several available engine data was pro-

posed by Sagerser et al. [153]. The Weight Analysis of Turbine Engines (WATE) computer

code, originally developed by Boeing, but has been continuously improved upon by NASA,

has been widely used in the aerospace industry [154, 155, 156, 157]. This code uses analyt-

ical equations as well as some semi-empirical equations. The advantage of such a method

is the accuracy of the calculations, however, they require a lot of information about the

component geometries and materials. A similar commercially available software that does

gas turbine weight estimation is GasTurb [158]. Semi-empirical methods rely on some

detailed analytical equations and also on the historical data of existing engines. However,
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these codes/ software are applicable to conventional gas turbine engines only. They are un-

able to estimate newer concept weights such as the electrical system weights for electri�ed

propulsion concepts. Therefore, the computational expense required to model only the gas

turbine engines, which may only be a part of the powertrain includes other components, is

not practical with the goal of evaluating a large number of architecture alternatives.

Therefore, it is not feasible to model each individual component for all powertrain

architectures in detail. It is also not possible to base the entire propulsion system weight on

existing historical data. But one can make use of historical data available for the gas turbine

engines and electrical components separately and bring them together. Therefore, the core

idea is to estimate the total propulsion system weight by summing over the individual

component weights, which are based on historical data.

Chapter 4 discussed how different powertrain architectures could be generated for a

�xed airframe con�guration and PAI concept by building up the architecture from individ-

ual components. From the discussion on different electri�ed propulsion powertrain archi-

tectures in Chapter 1, it is very clear that some of the components are common amongst

different powertrain architectures such as electric motors in electri�ed propulsion architec-

tures. There are also some components that are very germane to certain architectures such

as generators in partially and fully turboelectric architectures.

The idea is to have generalized ways to calculate the weight of all components in a

particular component group. Earlier, the terminology - energy sources, power sources and

thrust sources was introduced and described in Chapter 2. The weight estimation of energy

sources was covered in the previous section. The weights of certain power sources like

batteries and fuel cells is easily estimated as a function of their speci�c power or power-to-

weight ratio. The weight estimation of gas turbine and internal combustion engines is more

complex, and generally estimated as a function of several engine parameters. However,

in this simpli�ed approach, overall engine parameters like BPR and OPR are assumed to

be the same as the baseline, and that the engine performance can be scaled based on the
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power. Therefore, the weight estimation of all power sources is modeled as a function of

their speci�c power. Similarly, thrust sources are also modeled assuming they are scaled

from a baseline, and therefore, assume a �xed speci�c power.

Apart from these types of components in a powertrain, there could be other elements

such as power converters that convert power from one type to another. This could be

mechanical power to electrical power like in electric motors, or just Alternating Current

(AC) to Direct Current (DC) or vice versa like in inverters and recti�ers.

Closer investigation of the weight trends for electric motors, inverters and power con-

verters, shown in Figs.5.3 and 5.4, indicate a linear dependence of weight on power. There-

fore, generally using Speci�c power or Power-to-weight ratio to determine the weight of

these components would yield reasonable estimates. Therefore, since all of these compo-

nent weights can be estimated using a single parameter, there are all classi�ed asPower

transmission components.

Figure 5.3: Electric motor power vs. weight [159]

The powertrain could also include shafts, cables, etc. that transmit power from one

component to another. The weight of shafts and cables are dependent on their geometry

and material properties as shown in Eq. 5.4. Therefore, they are a function of length
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