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Abstract

This thesis examines tradeoffs between performance and complexity in the context of future
aircraft engine architectures and a reconfigurable mobile device. Traditionally aircraft/engine
system architecture selection has been conducted via expert suggestion, evaluation and down-
selection of alternatives. This work proposes a convex hull-based computational approach
to generating architectures that uses flows at subsystem interfaces to enforce feasibility of
connections between components. Convex hulls at component interfaces are used to represent
the entire space of possible flows that they can exhibit. This is combined with automatic
nonlinear model synthesis, optimization and complexity quantification to create an approach
that allows the designer to trade the number of false negatives and the size of the design
space. A false negative is an architecture that is not generated or once generated is discarded
from consideration erroneously as an infeasible one, even though once implemented it would
perform the intended function at the intended level of performance adequately.

71 aircraft engine architectures were generated and optimized for minimum uninstalled thrust
specific fuel consumption, including families of distributed/non-distributed turboelectric ar-
chitectures. Families of distributed turboelectric propulsion systems in which some fans are
driven electrically and some are driven mechanically were found to exhibit lower uninstalled
fuel consumption than current designs due to high efficiency & power to weight ratio of
mechanical power transfer and the propulsive efficiency improvements despite losses in elec-
trical power transfer. A simplified correction for the weight penalty associated with these
architectures however shows that to gain overall benefit in fuel consumption, boundary layer
ingestion will be required. While the literature typically examines individual concepts, in
this case a portfolio of concepts was generated and can be leveraged in new aircraft configu-
ration design studies in the future. The second major finding of this work is that the set of
generated distributed turboelectric architectures are approximately 1.2 to 2 times as complex
as current engine architectures using a complexity metric from the literature that takes into
account complexity of components, interfaces and the network of connections between them.

21,168 reconfigurable mobile device architectures were generated and simulated. This num-
ber is larger than that for engines due to the presence of more optional components for the



3

reconfigurable mobile device and the fact that this analysis was carried out at only one level
abstraction, whereas two were used for the engine. The first finding was that only approx-
imately 2% of possible architectures were feasible. The second finding was that, while no
individual architecture was exceedingly complex compared to current devices, the aggregate
complexity of the full set of 21,168 architectures was very high. Moreover, the sparse space
of feasible architectures meant that in addition to conducting virtual/physical verification
and validation of predicted feasible device configurations, a platform owner would have to
guide users through a vast architectural space to their desired configuration.

Thesis Supervisor: Olivier L. de Weck
Professor of Aeronautics and Astronautics and Engineering Systems
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Chapter 1

Introduction

1.1 Motivation

In 1992, the United Nations Intergovernmental Panel on Climate Change Special Report on

Aviation and the Global Atmosphere stated that 2% of all anthropogenic carbon dioxide

emissions were due to aircraft [23]. The report predicted that by the year 2050 aviation

would account for 3% of all anthropogenic carbon dioxide emissions. To limit the impact

of aviation on the climate, in 2008, the Air Transport Action Group (ATAG), representing

aircraft manufacturers, engine manufacturers and a wide range of organizations from the

aviation industry, set aspirational goals to improve aircraft fleet fuel efficiency by 1.5%

annually [24]. The long term goal of ATAG was to improve fuel efficiency by 50% relative to

2005 levels by the year 2050 [24]. In 2010, the United Nations International Civil Aviation

Organization (ICAO) set goals to improve fuel efficiency by 2% per year until 2020 [25]. A

growing body of work, however, continues to suggest that these long term fuel efficiency goals

can only be met, if there are changes in aircraft and engine architecture (e.g. subsystems

and the way they are connected to one another) [10, 26].
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Changes in architecture to improve performance have been associated with increased com-

plexity and development effort [27]. As we have demanded greater performance from aerospace

and defense systems their unit cost, which is related to their development cost, has increased.

Figure 1.1 from the former CEO of Lockheed Martin, graphically depicts this trend for fixed

wing aircraft from the Wright Model A to the F35 [3]. In figure 1.1 these trends were ex-

trapolated to show that if they continued, the entire defense budget would be consumed by

a single aircraft by the late 21st century.

$1 quintillion

$1 quadrillion

S Enm GNP to
buy one

Galrpne.
$1 trillion

budsoe to buy one
$1 billion

$1 million

$1 thousand

1900 1950 2000 2050 2100 2150
Year of Entry into Service

Figure 1.1: Increasing cost of aerospace and defense systems taken taken from keynote
address at the 2013 Conference for Systems Engineering Research given by Paul Eremenko,
the former deputy director of the DARPA Tactical Technology Office [2]. Original source:
former CEO of Lockheed Martin N. Augustine [3].

Figure 1.2 from the former Deputy Director of the DARPA Tactical Technology Office depicts

the correlation between development time (a measure of development effort) and complexity

for aerospace and defense systems shown in blue. Development time for systems like the
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JSF (F35) and F22 have exceeded 10 years. Increases in expected development time result

in increased requirements uncertainty. This can lead to systems being designed to meet a

more demanding set of requirements that change over time, complexity growth, and rework.

24. - Historical Cost Growth/Year

.. ...... (Not Adjusted For Inflation)

Sntegrated Circuits 1970-) ~%

10 -

EIS

. r-2 ntegraeCI
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Complexity* [Part Count + Source Lines of Code (SLOC)]

Figure 1.2: Correlation of a measure of structural and software complexity with aerospace
development time and cost. Taken from keynote address at the 2013 Conference for Systems
Engineering Research, the former deputy director of the DARPA Tactical Technology Office
[2].

There is also evidence of a causal relationship between development effort and complexity

both through human experiments reported in [27] and in a report by the RAND corporation

[4]. The example in figure 1.3 from [4] depicts the causes of price escalation for the F22A

compared to the F15A fighter aircraft. While a number of different causes are depicted

including regulatory reasons and material costs, around half of annual price escalation rate

is attributed to complexity driven by the customer (the United States Air Force).

The increasing demands on the performance of commercial aviation, the relationship be-

tween complexity, performance and development effort and the potential for major aircraft



CHAPTER 1. INTRODUCTION

architectural changes in the first half of the 21st century motivate exploration of the set of

possible architectures during conceptual design in a manner that explicitly considers trade-

offs between complexity and performance. The focus of this research is the development of

a computational approach to carrying out this exploration. Previous work has suggested

that new propulsion architectures may drive configuration change in aircraft. We delve

more deeply into the history of air-breathing propulsion in the context of performance and

complexity in the remainder of this chapter.
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Figure 1.3: Contributors to Price Escalation fr'om the F-15A (1975) to the F-22A (2005).
Taken from keynote address at the 2013 Conference for Systems Engineering Research given
by Paul Eremenko, the former deputy director of the DARPA Tactical Technology Office [2].
Original source: RAND corporation [4].
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1.1.1 Air-Breathing Propulsion System Architecture

The trend in many facets of the aerospace industry and engineering systems in general,

has been to converge on a system architecture, develop and refine the subsystems within

the selected system architecture and migrate to new architectures only when performance

gains through refinements at the subsystem level yield diminishing returns [28], [6]. This is

depicted in figure 1.4 in which performance benefits with development effort/time at both

the system and subsystem levels follow S-curves [6]. The rate of change of performance with

development effort is small, then it accelerates and finally plateaus, necessitating changes at

the system level. Note also that notionally improvements in performance at the subsystem

level yield diminishing returns at the system level. Dr. Carlos Gorbea's PhD thesis was

motivated by this trend for road vehicles [5]. It argued that subsystem level improvements in

internal combustion engines were yielding diminishing returns at the system level (notionally

depicted in figure 1.4) and that we had entered a period of "architectural competition" in

which high level architectural changes would be the driver of improvements in performance

metrics. This served to motivate Gorbea's work on architecture generation and evaluation

for automotive hybrid electric powertrains.

Small or no S-Curve Overall Vehicle
upward shift Minimal change in

overall performance

Sub-System level
Large S-Curve Performance improvement
upward shift in local sub-system -all

others remain unchanged

Compgnent Systems level
Performance increase
Due to new component technology

Figure 1.4: Performance S-curves at the system and subsystem levels. Taken from Dr. Carlos
Gorbea's PhD thesis [5]. Original Source: [6].
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Departures from legacy architectures for gas turbine engines, i.e. major changes in the

components within a system or the manner in which they are connected, are discrete and

infrequent events [29, 8, 30]. While architectural changes have been one option for generating

improvements in performance metrics like fuel consumption, they have often resulted in

higher complexity and development cost [27] and one may argue that we are currently nearing

the performance plateaus described in [6].

The earliest work on gas turbines dates back to 1791 and a patent by John Barber in

the United Kingdom [31]. Successful electric power generation from gas turbines was first

achieved by a team led by Aurel Stodola at the Brown Boveri Company in Switzerland in

1939 [32]. While Sir Frank Whittle is generally credited with developing and building the

first gas turbine engine propulsion systems for aircraft, three different individuals in Europe

contributed to their journey from conception to operational flight. The first gas turbine

patent for aircraft propulsion was filed in Paris, France on the May 3, 1921 by Maxime

Guillaume (patent number 534.801) [33], the first gas turbine engine was designed and built

by Sir Frank Whittle in 1937, and the first operational engine was designed and built by

Hans von Ohain in Germany in 1939 [31].

Gas turbine aircraft propulsion represented a architectural and technological paradigm shift

from the piston powered designs that dominated the first half of the 20th century. The change

from piston powered to gas turbine architectures allowed higher levels of performance to be

achieved with what was arguably a less complex design (fewer subsystems, independently

moving parts) [34]. It therefore may be described as the beginning of a new S-curve in

performance. With demands for greater performance (greater power, increased flight speed),

radial piston engines increased in complexity until they were superseded by gas turbine

engines in the 1940s. The most powerful and likely most complex radial piston engine was

the Lycoming XR-7755-3 (see figure 1.5), which had 36 cylinders and "featured nine dual-lobe
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overhead camshafts, which shifted axially for takeoff and cruising efficiency, and a two-speed,

geared, dual-rotation propeller drive" [7]. This engine was designed during WWII for "high

takeoff power and low fuel consumption " for a long range bomber commissioned by the

US Air Force but was "obsolete" by 1946 when it was first tested due the emergence of gas

turbine engines [7].

Figure 1.5: Lycoming XR-7755-3, Radial 36 Engine Displayed at Smithsonian Institution,
the most powerful radial piston engine ever built (1946) [7]

According to [34] and [31], when referring to gas turbine engines "Whittle ... stressed the

great simplicity of his engine [turbojet]. Hives [Director of Rolls Royce] commented, 'We'll

soon design the bloody simplicity out of it.' ". Modern gas turbine engines are far more

complex than their first instantiations in the 1930s and 1940s [8], [35]. The gas turbine

engine architectural paradigm has followed a qualitatively similar evolution in complexity

and performance to piston powered paradigm.
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Gas turbine engines in commercial aviation have gone through a few major architectural

changes, evolving from single spool turbojets, to multi-spool turbojets, later into medium

bypass ratio turbofans, high bypass ratio turbofans, very high bypass ratio turbofans and

geared turbofans [8]. Air-breathing gas turbine engines operate via the Brayton thermo-

dynamic cycle which involves adiabatic compression, heat addition at constant pressure,

adiabatic flow expansion and cooling of air to ambient temperature at constant pressure

[36].

Turbojets, have a single gas path in which gas passes through all stages of the Brayton cycle.

For high bypass ratio (see nomenclature section) turbofans is that the majority of the mass

flow through the engine bypasses the core (consisting of compressors, burners and turbines)

via a fan which is typically situated upstream of the core. Thrust is proportional to the rate

of change of momentum of gas (conservation of momentum). Rate of change of momentum,

in turn, is proportional to the product of mass flow and change in velocity. The kinetic

energy imparted to the flow is proportional to the difference between squares of velocities

of the inlet and outlet flow. By passing a larger mass flow and imparting a lower change

in velocity (i.e. by using a low pressure ratio fan), the same thrust can be achieved with

lower kinetic energy addition. The ratio of the thrust power needed to propel the aircraft

and the kinetic energy added to the flow is called propulsive efficiency [36]. A high bypass

ratio engine increases propulsive efficiency by increasing total mass flow and reducing the

total kinetic energy imparted to the flow for a given thrust level; lowering fan pressure ratio

increases propulsive efficiency by lowering the mean exhaust velocity for a given thrust.

An early turbojet produced in the United States is the JT3 from Pratt & Whitney from

1950, shown in figure 1.6 from [8]. This engine was later developed into the JT3D used in

the Boeing 707 and the TF33 used in the B52 [8].
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2 ~10,

Figure 1.6: JT3 Turbojet Engine [8].

Perhaps the first major architectural change for gas turbine engines was the change from

turbojets and low bypass ratio turbofans to high bypass ratio turbofans with the advent of

the JT9D by Pratt & Whitney in 1966 (see Figure 1.7) which was the launch engine of the

747 [8]. The JT9D fundamentally changed engine architecture by introducing a large fan in

front of the core of the engine. This architectural change increased the number of turbine

stages from 4 to 6, increased the number of compression stages from 13 to 14 and introduced

turbine air-cooling along with a much larger fan and bypass nozzle compared to the JT3D.

The result was an approximately 26% reduction in fuel consumption compared to the JT3,

but higher part count, a larger number of interfaces and therefore greater complexity [8].

The Rolls-Royce RB211 is another example of architectural change in the pursuit of per-

formance leading to increased complexity. The RB211 (see figure 1.8) was Rolls-Royce's

first three spool (three independently rotating shafts) engine [8]. Three spools allowed rota-

tional speed in compression and expansion stages to be decoupled. By relaxing constraints

from two values of rotational speed to three, attainable engine performance given subsystem

level technology may be improved as per the "Lower Bounding Principle of Optimization",

which states that relaxing constraints in any optimization problem allows as good or better
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Figure 1.7: JT9D [8]. Two Shaft Turbofan. Fan pressure ratio (FPR) 1.6, Bypass ratio

(BPR) 5.15, Overall Pressure Ratio (OPR) 33. See nomenclature section for definitions.

solutions to be found [37].

According to [8] Rolls-Royce experienced significant cost and schedule overruns, ultimately

resulting in insolvency in 1971 primarily related to new fan blade material selection. Rolls-

Royce's three spool architecture has commercially fared very well since the budget/schedule

overruns that the first of its kind experienced. The Trent series of three spool engines now

are widely used in commercial aviation (e.g. on the Boeing 787, 777 as well as the A380,

A350 [38]).

Another more recent example of architectural change is the advent of very high bypass ratio
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Figure 1.8: Rolls-Royce RB211 524G [8]. Three Shaft Turbofan. Fan pressure ratio (FPR)
Not Available, Bypass ratio (BPR) 4.3, Overall Pressure Ratio (OPR) 22.2. See nomencla-
ture section for definitions.

geared turbofans in the 20,000 pound and above thrust class shown in figure 1.9. In a

geared turbofan the turbine's angular velocity is decoupled from the fan's angular velocity

via a gearbox. This means that fan angular velocity and pressure ratio can be lower while

at the same time allowing the turbine to have fewer and smaller stages, reducing noise

and increasing propulsive efficiency [29]. The addition of a gearbox fundamentally changes

engine architecture enabling a 20dB reduction in noise while improving fuel consumption

by 12% and reducing weight. This allows lower fuel consumption operation of aircraft with

lower noise levels at airports near heavily populated areas [29]. While the geared turbofan

provides a number of performance metric benefits they come at the cost of a 40% increase

in complexity [27] and took almost 30 years to make its way from conception to flight for

the 20,000 lbf thrust class, due in part to difficulties scaling gearboxes from smaller engines
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[39].

Figure 1.9: Pratt & Whitney Geared Turbofan Architecture [9]. Fan pressure ratio (FPR)
unavailable, Bypass ratio (BPR) 12, Overall Pressure Ratio (OPR) unavailable. See nomen-
clature section for definitions.

Along with high level architectural changes increasing engine complexity and performance,

subsystems have also become more complex, particularly the mechanical, supporting air and

cooling/lubrication systems which provide for turbine disk and blade cooling as and the

active tip clearance control of turbine blades via cooling flows to the turbine case [35].

There are other examples of changes in architecture providing performance benefits in air-

breathing propulsion systems while increasing complexity. One case is the Kuznetsov NK-

93/94 counter-rotating propfan shown in figure 1.10 which was developed in the 1980s but

never entered service [8]. The Kuznetsov NK-93/94 has the greatest bypass ratio (16.6) of any

engine in the [8] dataset but was never certified and put into production. The fan pressure

ratio of this engine was not available, but given the high bypass ratio it was on the order of

if not lower than existing and proposed ultrahigh bypass ratio geared turbofans. Reference

[8] indicated that this engine has a large number of subsystems, with variable geometry,

multiple gearboxes and counter-rotating fans with the option for cryogenic propellants. It

is also quoted as being "the most efficient" gas turbine engine ever tested. This is depicted
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graphically in figure 1.11 in which Thrust Specific Fuel Consumption (TSFC) is plotted

against time of first flight. The Kuznetsov NK-93/94 is an example of how architectural

change delivered radical performance improvements while increasing complexity to the point

where it may have contributed to preventing certification. It is important to note however

that other factors were at play also, certification of this engine was occurring at a similar

time as the collapse of the USSR, due to the very high bypass ratio low wing aircraft would

likely suffer difficulty with engine integration, and while it was the most efficient engine at sea

level static conditions, there was no data to describing its performance at cruise conditions.

Figure 1.10: Kuznetsov NK93/94. Diagram from Jane's Aero-Engines [8]. Fan pressure
ratio (FPR) unavailable, Bypass ratio (BPR) 16.6, Overall Pressure Ratio (OPR) 37. See
nomenclature section for definitions.

The literature suggests that long term performance improvements in commercial aircraft

will be achieved to large degree through architectural change [10]. One example of possible

future architectural change can be found in the [10], which investigated aircraft concepts in

the 2030-2035 time frame and targeted a 70% reduction in fuel burn. One of the three major

findings was that aircraft and engine configuration change were among the most important
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Figure 1.11: Takeoff Thrust Specific Fuel Consumption vs. Year of First Flight. Note that
the Pratt & Whitney Geared Turbofan is not listed here since there is no publicly available
data regarding its TSFC at takeoff [8].

sources of fuel burn savings. This is illustrated graphically in figure 1.12 which shows a

breakdown of the relative benefits from different design decisions on fuel consumption, noise

and LTO NOx emissions [10].

In summary, changes in architecture can and have led to performance improvements, they

have also been associated with increases in complexity [27]. This is particularly true when

confined to a particular technological paradigm (like radial piston engines for example). It

is important to note that radical architectural changes have also reduced complexity while

improving performance (move to turbojets) [6]. The literature suggests that engine and

aircraft architecture is likely to undergo major architectural change in the first half of the 21st

century. The potential benefits of this change must be carefully balanced against increases

in complexity. This motivates consideration of broad sets architectures at the conceptual

design stage which is the focus of this thesis.
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Figure 1.12: NASA N+3: Breakdown of the relative benefits to fuel consumption, noise
and LTO NOx emissions from different sources of design changes. The D8 (double bubble)
configuration provides the greatest improvement [10].

1.2 Outline of Thesis

The first three chapters of this work are broadly structured according to G. H. Heilmeier's

research catechism which consists of the following 7 questions given below [40]. The Heilmeier

questions H5-H7 are tailored towards research at an earlier phase of progress and are not

explicitly addressed here.

Hi: What are you trying to do? Articulate your objectives using absolutely no jargon.

H2: How is it done today and what are the limits of current practice?
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H3: Who cares? If it is successful, what difference will it make?

H4: What is new in your approach and why do you think it will be successful?

H5: What are the risks and the payoffs?

H6: How much will it cost? How long will it take?

H7: What are the "midterm" and "final" exams to check for its success?

We summarize the contents of the chapters below:

* Chapter 1: Introduction: The Introduction touched on questions Hi and H3.

The high level objective of this work (Hi) is to develop a performance-complexity

tradespace exploration framework of engineering systems in light of trends of complex-

ity/development effort growth in aerospace and defense systems (H3).

" Chapter 2: Literature Review: The Literature Review focuses in more detail on

the limits of current practice to performance-complexity tradespace exploration (H2)

with a focus on computational approaches to generating architectures. It outlines the

gap in current published work, laying the groundwork for a formal problem statement

and research question. It also discusses why addressing the gaps in the research help

achieve our objectives (H4).

" Chapter 3: Thesis Statement: The Problem Statement summarizes the gap in cur-

rent practice, defines the research questions and summarizes the approach to answering

the research question (Hi-H4).

" Chapter 4: Approach: This chapter focuses on the proposed approach combining

architecture exploration, complexity quantification and performance calculation (H4).

" Chapter 5: Air-Breathing Propulsion Case Study: The Air-Breathing Propul-

sion Case Study applies the approach to the exploration of different architectures of

an aircraft engine.
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Chapter 6: Reconfigurable Mobile Device Case Study: The Reconfigurable Mo-

bile Device Case Study applies the approach to the exploration of different architectures

of a reconfigurable mobile device.

* Chapter 7: Summary, Conclusions and Future Work: This chapter outlines the

methodological and domain specific contributions of the thesis. It then summarizes

opportunities for future work.
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Chapter 2

Literature Review

In Chapter 1 we discussed ICAO/ATAG fuel efficiency goals for aircraft as well as research

suggesting that aircraft/engine architecture will likely change to meet those goals. We de-

scribed how architectures have evolved in the aerospace industry and motivated the need

for using computational approaches to consider broad sets of architectures at the concep-

tual design phase considering both complexity and performance. The discussion in Chapter

1 therefore primarily focused on Heilmeier questions Hi: objective of research and H3: to

whom this research is relevant. Having established the utility of generating broad sets of

concepts computationally, taking into account both complexity and performance in Chapter

1, Chapter 2 provides a mathematical grounding of why considering a broad set of architec-

tures is important based on the literature and surveys existing approaches to architecture

generation and evaluation. It then outlines the gap in the literature and summarizes where

the methodological contributions of this work are in relation to that gap. Prior to delv-

ing into the literature review we define the following terms which can also be found in the

glossary:

Concept: A concept is a product or system vision, idea, notion, or mental image that
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maps function to form. It is a scheme for the system and how it works. It embodies a sense

of how the system will function and an abstraction of the system form. It is a simplification

of the system architecture that allows for high-level reasoning [41].

Architecture: The embodiment of concept, and the allocation of physical/informational

function to elements of form, and definition of interfaces among the elements and with the

surrounding context [42].

Configuration: An arrangement of existing elements of form [1].

Feasible Concept, Architecture or Configuration: A concept, architecture or config-

uration that is able to meet requirements.

False Negative: Feasible concept, architecture or configuration that is removed from

consideration.

False Positive: Infeasible concept, architecture or configuration that is kept in consider-

ation.

Note that the definitions of concept, architecture and configuration are related. One way to

think about these three ideas is in terms of abstraction. A concept is an abstract mapping

of function to form, an architecture is a granular mapping of function to form whereas a

configuration is an ensemble of existing elements of form. Since this work focuses on system

architecture generation and evaluation at the conceptual design stage, we will use the term

"concept" and "architecture" interchangeably in the remainder of this chapter.
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2.1 Importance of Considering Broad Sets of Architec-

tures

According to the NASA Systems Engineering Handbook, perhaps "the most creative" and

one of the most important activities in systems engineering is the generation of alternative

concepts [43]. Literature suggests that 70%-80% of life-cycle cost is set by the selected

concept [44, 45], though there is some debate regarding the precise fraction [46]. Once fixed,

a concept or high level system architecture constrains the design space of the optimization

problem to be solved during preliminary/detailed design. It therefore bounds attainable

performance with available subsystem technology.

This can be seen analytically from the "Lower Bounding Principle of Optimization" [37].

Consider an optimization problem in which the domain of the design variables is in some set

D C Rn. The lower bounding principle of optimization states that if there exists a larger set

E E R m such that D C E and if XE, XD are optimal solutions of minxEEf (X), minxEDf(X)

respectively then:

min{f(x): x E E} < min{f(x): x G D} (2.1)

In other words, if we optimize an objective function over a broader design space E c Rm

such that D c E, solutions will exist which are as good or better than those in the more

constrained problem. Therefore if we examine many concepts, rather than parametrically

sizing a single concept, we will find designs which at the very least perform as well as current

designs in addition to possibly finding better solutions.

The "Lower Bounding Principle of Optimization" has perhaps found its practical embod-

iment in the Set-Based-Design literature. Set-based design emphasizes considering broad
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sets of concepts in parallel and delaying convergence to a single point design late into the

design process [47]. Considering large "sets" of designs reduces the likelihood that changes

in requirements or availability of new information will make the sole selected concept infea-

sible or difficult to realize causing rework. It also builds knowledge about the design space

[47]. Another key point in set-based design is that it allows stakeholders to filter concepts

based on additional considerations (e.g. objectives or constraints) that were not explicitly

considered in the analysis that generated the feasible set. For example if when generating

a feasible set of concepts, fuel consumption is considered but maintainability, reliability,

complexity or some other objective is not considered explicitly, presenting a broad set of

concepts can allow stakeholders to eliminate infeasible concepts using their subject matter

expertise. Set-based design has been applied successfully in automotive [47] (Toyota) as well

as naval [48],[49] applications. However, set-based design principles have not gained as much

attention in aerospace applications [50] until relatively recently [51, 52].

Due to the afore mentioned benefits of considering and presenting broad sets of architectures

throughout the design process both for theoretical ("Lower Bounding Principle of Optimiza-

tion") and practical (Set-Based Design) reasons, the approach proposed in this thesis to

architecture exploration considers sets of feasible architectures rather than focusing on a

single concept.

2.2 Different Approaches to Architecture Generation

Concept generation in the aerospace industry has historically been accomplished via sub-

ject matter expert (SME) suggestion, evaluation and down-selection of alternative concepts.

These approaches rely on human intuition and therefore, are in principle, very open to the

inception of new architectures [12]. In practice, however, unstructured intuitive approaches
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tend to generate a relatively modest number of concepts and can bias results towards legacy

designs in mature industries [53] [11].

There is a formidable body of work examining different approaches to generating concepts. In

[54] broadly categorizes different ways of generating concepts into three categories as shown

in figure 2.1: Intuitive, Mixed and Logical. As the name suggests, the intuitive category relies

on lightly structured techniques to aid intuition (e.g. brainstorming or analogies/metaphors).

On the other side of the spectrum is the logical category of ideation techniques that encom-

passes highly structured methods, which, typically rely on storage and reuse of knowledge

about how design problems have been solved in the past. Four different metrics for measur-

ing the effectiveness of each of the techniques described in [54] are proposed in [55]. These

metrics are:

e Quantity of Concepts: the number of concepts that a given ideation technique gener-

ates.

o Quality of Concepts: fraction of concepts which meet requirements.

o Variety of Concepts: measures how similar concepts are to one another.

o Novelty of Concepts: measures how similar concepts are to existing concepts.

Intuitive techniques generate a wide variety of novel concepts but tend to suffer from low

quantity and quality [53], [11]. This is due to the fact that unaided human intuition can

only consider and evaluate a relatively small set of concepts at one time. The effectiveness

of intuitive techniques depends on the design team's ability to simultaneously have a deep

grasp of the underlying a physical system, gained through experience, while at the same time

not letting their creativity be hostage to that experience.

Logical techniques are more structured and often formulate concept generation problems
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via a sequence of design decisions [56]. Perhaps the simplest of these is the morphological

matrix in which all combinations of design decisions are allowed [53]. Related computational

approaches constrain the design space using architectural rules elicited from subject matter

expert (SME) interviews [57]. A common thread in many logical techniques is that they

typically rely on subject matter expert experience, which has a tendency to be biased towards

legacy concepts. For this reason logical techniques tend to suffer from low variety and novelty

of concepts [11].

The set of possible concepts grows exponentially with the number of design decisions. For

most practical problems, unless the design space is tightly constrained through use of his-

torical data or expert interviews, or a linear relaxation of the problem is solved, logical

techniques can generate too many concepts to examine within a reasonable amount of time.

One way of reducing the size of the design space is to conduct analyses at multiple levels ab-

straction. At higher levels of abstraction, one has a smaller numbers of architectural decision

variables which describe system level design. Once a concept at a higher level of abstraction

has been selected, it constrains the design problem at a lower level of abstraction exponen-

tially reducing the number of alternatives. One key consideration, however, is ensuring that

simplified analyses don't eliminate potentially promising concepts (false negatives) while not

generating too many infeasible concepts (false positives) [56].

The research presented here investigates an approach to generating system architectures from

libraries of components and conducting complexity-performance tradespace exploration. As

such it has its roots in a number of different domains including multidisciplinary design op-

timization, design automation, constraint satisfaction and automated configuration problem

solving. We therefore examine literature from all of these fields to outline the current state

of the art. We start our review with multidisciplinary design automation.
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Figure 2.1: Concept generation techniques (Ideation Techniques). Taken from [11]

During the last 40 years the field of design optimization has matured and expanded from its

beginnings in structural optimization to the wide range of gradient based and heuristic multi-

disciplinary techniques that exist today [58]. Among the developed techniques are methods

that handle uncertainty and optimize for expected performance [58], biologically inspired

methods like Particle Swarm Optimization and Genetic Algorithms as well as gradient-based

methods. A white paper by a panel of experts in the field provides a review of existing tech-

niques and identifies areas where future work is necessary [58]. Two major areas of future

research in MDO are outlined. The first is broadly described as an extension of current

techniques. This includes further work in the use of "Massively Concurrent Computing"

(MCC) in the MDO field, standardization of the way in which MDO problems are presented

to highly parallel computer architectures as well as research in model decomposition using

metrics for "coupling strength" and "coupling breadth" between modules. The second di-

rection identified for future work in the MDO field is described as the introduction of new
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techniques which include redefinition of the design space, inclusion of cognitive sciences in

MDO, and changes in system configuration after deployment. Recent work in the aerospace

context has been directed towards the application of multidisciplinary optimization to new

configurations of aircraft [28], [10]. This, and all architectural exploration in the context of

MDO may be described as falling in the redefinition or expansion of design space category.

Research has also been done into expanding the objectives traditionally considered during

design optimization. One such example is introducing uncertainty into MDO and optimizing

for system availability over its lifespan [59, 60]. One of the primary findings of this research

was that system availability and expected performance are sensitive to static design variables

in addition to the traditionally examined mean times between failure of individual compo-

nents and subsystems [59]. When optimizing for expected performance over long deployment

times, the set of "optimal designs" which define the Pareto frontier no longer correspond to

what would be optimal at deployment. For example when sizing control surfaces of ultra-

long endurance aircraft, one can optimize not just for maximum endurance or range in the

nominal state but also for performance in degraded states where some of the control surfaces

are malfunctioning. This is related to the discussion around complexity and performance in

Chapter 1. Considering a traditional performance objective like weight or fuel consumption

in isolation without considering a broader set of objectives can lead to unrealizable designs

or designs which do not meet stakeholder needs in the field. This motivates expansion of

the design space, expansion of the objectives that are considered as well as consideration of

broad sets of concepts.

Generating feasible configurations of components that meet requirements can be framed as

a constraint satisfaction problem. Constraint satisfaction problems are ones in which we

seek to find design variables that meet constraints. Much work has been done on making

constraint satisfaction problem solvers more efficient [61, 62, 63, 64, 65, 66, 67, 68]. Due
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to the maturity of the constraint satisfaction problem solving field, the work presented here

will focus on a way of writing constraints rather than making constraint satisfaction solvers

more efficient.

Research has been done in the exploration of different system architectures during concep-

tual design [69, 28, 57, 51, 52]. Much of this work formulates system architecting problems

as decision trees that determine the presence or absence of components and the connections

between them. One such approach takes as an input a set of interconnected "design con-

tainers" from the designer [69]. These "design containers" are automatically populated with

instances of components from a user defined library subject to constraints. Because the way

in which these design containers are connected to one another is defined by the designer,

results in practice often generate existing architectures with different instances of compo-

nents. We can describe this approach in terms of the metrics for assessing effectiveness of

ideation techniques discussed earlier in this chapter [55]. While the quantity and quality of

configurations may be high, their novelty and variety tends to be limited.

There has also been work that incorporates expert experience into interaction rules between

components for satellite systems [57]. While such approaches can be powerful, for problems

in which system architecture changes significantly, commonly used heuristics may no longer

be useful. For example in civil aircraft design, one common performance metric is carbon

dioxide emissions which are related to total fuel consumption which for fossil fuel powered

aircraft is directly related to total energy consumption. For future aircraft, which may

be electric or hybrid electric, minimizing energy consumption may be less important than

minimizing emissions, meaning that performance metrics and associated engineering "rules

of thumb" will have to be amended.

Previous work has used multi-domain mapping matrices (MDM) to map functions to form to
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help examine automotive hybrid-electric power train architectures [5]. Related research has

also been done that focuses on function and form decomposition and the use of Object Pro-

cess Methodology (OPM) to frame systems architecting problems [70, 71]. Object-Process

Methodology is a system modeling language that treats systems as collections of objects

that can be transformed by processes [72]. It enables a precise delineation between what is

an element of form and what is a function that may be achieved by that element of form.

Do's work presents a "Systems Architecting Matrix" [71] which leverages OPM and MDM

to frame and solve system architecting problems. In MDM as well as OPM approaches,

however interactions between components are typically classified by type and not expressed

via a mathematical construct that describes their nature in more detail. The work presented

in this thesis will propose one such mathematical construct.

A number of other approaches to generating configurations and architectures have treated

components as sinks and sources of different types of flows [73, 51]. These approaches have

abstracted components into resource sinks and sources, simplifying rule sets and linking

them directly to component behavior [73]. In "resource-based" approaches components are

connected to one another by flows of resources and an architecture or configuration is feasible

only when all required flows between components are present. When component sizing is

not defined a-priori, architectures are generated. When sized components configurations are

generated [1]. We can describe these approaches in terms of the metrics for assessing effec-

tiveness of ideation techniques discussed in Chapter 1 [55]. For resource-based approaches,

the quality, variety and novelty of configurations can be very high. The quantity, however,

is often too high to exhaustively search the design space. As mentioned in Chapter 1, one

way of reducing. the size of the design space is to conduct analyses at multiple levels of

abstraction or fidelity. At higher levels of abstraction, one has smaller numbers of decision

variables which describe system level design. Once a concept at a higher level of abstraction

R7_WRMMWWRW, 00-r- 71-7!FMM7r1R, N PRO
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has been selected, it constrains the design problem at a lower level of abstraction expo-

nentially reducing the number of alternatives. One key consideration however is ensuring

that simplified analyses don't eliminate potentially promising concepts while not generating

too many infeasible concepts. While this has been explored theoretically, not much work

has been done in achieving it in a domain independent way [56]. The work presented here

therefore develops an architecture generation framework, using resource-based constraints at

more than one level of abstraction.

Other resource-based approaches have dealt with the combinatorial size of system archi-

tecting problems by linearizing component behavior [74, 75, 76], or using domain/problem

specific bounding functions [56] that insure simpler models in multi-fidelity analyses that

don't eliminate promising designs (no false negatives). Formulating bounding functions

that remove infeasible designs from consideration (few false positives or good discriminatory

power) which also don't suggest infeasible designs (no false negatives) is non-trivial. Using

simplified models often can lead to promising designs being overlooked and infeasible designs

being suggested [74, 75]. Not much work has been done on linking multiple levels of abstrac-

tion. Control over false positives and false negatives during abstraction has not received

much attention either in the broader engineering context. While there has been significant

work examining configuration sensitivity to changes in shape in the structural domain [77]

not much work has been done generalizing this to heterogeneous nonlinear systems in a way

that explicitly links resource flows to detailed nonlinear system behavior.

We now summarize the relevant gap in the literature for automated architecture generation

and evaluation using the table below. The table divides the relevant literature into 5 cate-

gories. The first category denotes whether an approach generates a feasible set of concepts

or individual "optimal solutions ". The second category indicates whether complexity and

performance tradeoffs are explicitly considered. The third category denotes whether an ap-
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proach is resource-based and therefore simplifies the rule set, reducing bias towards legacy

architectures [73] as well as indicating whether resource flows are explicitly linked to non-

linear heterogeneous system dynamics. The fourth category denotes whether the approach

provides a mathematical mechanism to control the number of false negatives in exchange for

reducing the size of the combinatorial design space. In the case of the "partially addressed"

evaluations for this column, false negatives can be deliberately generated with additional

constraints, but no specific approach is proposed. The fifth category indicates whether do-

main independent abstraction layers are used to reduce the size of the design space. We see

that none of the approaches found in the literature address all of these direction from table

2.1.

Feasible set of Performance Rules on Controlover 2 Levels of
concepts, and flows False Negatives Abstraction Linked

architectures, Complexity between Based on in Domain
configurations Considered nonlinear Matching of Independent Way

rather than components Resource Flows
individual solutions (no

prescribed
direction)

(Murray B. et al. 2011) Yes Yes (limited Partially Partially Partially
(Zeidner L. 2010a) appbcationI Ad drssed Addressed Add ressed
(Zeidner L. 2010b)

(Selva D. 2012) Yes No Partially Partially No
(Neema S. et al. 2003) Addressed Addressed

(Simmons 2008) Yes No Partially Partially No
(Speller 2010) Addressed Addressed

(Piacenza et al. 2015) No No Yes (Linear) Partially Partially
(Ishimatsu 2013) Addressed Addressed
(Ho 2015)
(Peralta et al. 2003)

(Heinrich et al. 1996) Partially Addressed No Yes Partially Yes
(configurations) Addressed

(Miller et al. 2015) No No No Partially Partially
Addressed Addressed

Benefits Tradeoffs Explicit Less bias. Manages Manages
(stakeholder Tradeoffs. Direct combinatorial combinatorial
experience). physics. space. space.

Table 2.1: Gap in literature
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At this stage it is useful to map the gap in the literature of automated architecture generation

to the high level objective of this research which is to have conduct performance-complexity

tradespace exploration of concepts which are generated with high quantity, quality, novelty

and variety (metrics of ideation effectiveness) [55]. Resource-based methods to generating

architectures treat components as providers and suppliers of resources. These approaches

tend to have simpler rule sets that are easier to manage and reduce bias towards legacy

designs [73]. This has the potential to improve the quality, novelty and variety of concepts

generated. Approaches which take into account the behavior of nonlinear heterogeneous

systems effect the quality of concepts generated. One of the major issues with many compu-

tational techniques to generating architectures is the large number of different combinations

of components that can be computationally intractable. Carrying out analysis at multiple

layers of abstraction allows a broader number of concepts to be considered. If abstraction

layers are connected, such that decisions made at higher levels of abstraction don't generate

infeasible configurations, quality of concepts is also increased [56]. To constrain the design

space it is useful to deliberately be able to eliminate some promising designs (generate false

negatives). Addressing this aspect of the gap in the literature would reduce the quantity of

concepts in exchange for increasing their novelty and variety.

This work builds on previous work in resource-based architecture/evaluation generation

which expresses flows at interfaces as convex hulls ("smallest convex set that contains operat-

ing points " [37]) which are explicitly linked to detailed simulation. Two layers of abstraction

are linked using convex hull flow constraints to reduce the size of the design space. An ap-

proach that allows the designer to trade the number of false negatives and the size of the

design space is presented. The approach is applied to an aircraft engine case study. Ar-

chitecture generation is combined with automated performance optimization and evaluation

and complexity quantification. A mobile electronic device case study is also presented to
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Feasible set of Performance Rules on Control over 2 Levels of
concepts, and flows False Negatives Abstraction Linked

architectures, Complexity between Based on in Domain
configurations Considered nonlinear Matching of Independent Way

ratherthan components Resource Flows
individual solutions (no

prescribed
direction)

(Murray B. et al. 2011) Yes Yes m Par alv
(Zeidner L. 2010a) appjiatioa) Addre5sd Addressed Addressed
(Zeidner L. 2010b)

(Selva D. 2012) Yes No Partialy' Partially No
(Neema S. et al. 2003) Addres'ed Addres.&d

(Simmons 2008) Yes No Partially Partially No
(Speller 2010) Addressed Addressed

(Piacenza et al. 2015) No No Yes r Partially
(Ishimatsu 2013) A ddr sd : ;ev
(Ho 2015)
(Peralta et al. 2003)

(Heinrich et al. 1996) Partialy Addr essed No Yes Partially Yes
Addresse(d

(Miller et al. 2015) No No No Partialy ParlallV
Addres-ed Address '

(Shougarian 2016) Yes Yes Yes (Convex Yes (Convex Yes
Hull Hull

Formulation) Intersection
Formulation)

Table 2.2: Contribution to gap in literature.

illustrate the generality of the approach. The specific areas of contributions are shown in

table 2.2.

The primary methodological contribution of this work is therefore an architecture generation

and evaluation framework which combines:

" Generation and optimization of sets of architectures rather than individual architec-

tures taking into account both complexity and performance.

" Rules for generating architectures which rely on flows between 'components which are

described via convex hulls (this will be described in Chapter 4) and subject matter ex-

pert experience. This builds on previous work on generating configurations [73]. The
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two primary extensions here are that firstly, rather than combining pre-sized compo-

nents, the approach applies to architectures (components are not sized a-priori) and

flows are expressed via convex hulls around detailed simulation of sets of components.

* Control over false negatives using normalized intersection volume of convex hulls that

express resource flows between components.

e More than one layer of abstraction.

The domain specific contributions are confined to the aircraft engine and reconfigurable mo-

bile device case studies and are based on the insights gained from their respective performance-

complexity tradespaces.
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Chapter 3

Thesis Statement

To meet ICAO/ATAG fuel efficiency goals, aircraft and engine architecture are likely to

change. We established that system architecture impacts both performance and complexity

which is related to development effort. This motivates exploring the tradespace performance

of architectures during conceptual design. Referring back to the metrics for ideation effec-

tiveness discussed in Chapter 2 [55], the problem we address is that quantity, quality, variety

and novelty of architectures generated during conceptual design are limited by:

1. Subject matter expert bias towards legacy architectures.

2. Limited number of alternative concepts generated through purely intuitive concept

generation techniques.

3. Size of combinatorial space for computational techniques.

4. Elimination of potentially feasible designs and suggestion of infeasible designs when

using simplified models.

Based on these observations, we formulate the following research questions.
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3.1 Research Questions

1. How can we automatically generate and evaluate air-breathing propulsion and other

cyber-physical system concepts in the performance-complexity design space?

2. What is the performance-complexity tradespace of concepts in air-breathing propulsion

and other cyber-physical systems?

3.2 Approach

To answer the research questions, this work contributes a convex hull-based approach to

automated generation and evaluation of new architectures by:

" Generalizing resource flows into linear constraints around operating points at compo-

nent interfaces (convex hulls).

" Using convex hulls to link abstraction layers in a domain independent way.

" Allowing the designer to parametrically control the number of false negatives to reduce

the size of the design space.
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Chapter 4

Approach

We now discuss the approach used to answer the research questions outlined in Chapter 3. We

first introduce a system architecture generator that conducts search for feasible architectures

(components can parametrically vary) or configurations (components parametrically fixed a-

priori) given a component model library.

4.1 Magellan Architecture Explorer

As mentioned in the literature review chapter "resource-based" approaches to architecture

generation treat components as resource sinks and sources [73]. An architecture is feasible

when all required flows of resources between components within the system and across the

system boundary are present. Since resource-based approaches rely heavily on the under-

lying physics of material, energy and information exchange between components, they are

less prone to bias towards legacy architectures due to subject matter expert opinion [73].

The architecture generator created presented here relies on a resource-based approach to

architecture generation though it does also include some architectural rules based on subject
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matter expert experience. Resource-based approaches also have limitations. The primary

limitation is that they typically rely on an exchange of one-dimensional lumped parameter

flows in networks where components have linear or nonlinear behavior. This is a simplifica-

tion of the underlying physics and its implications must be considered in the context of the

problem being solved. We will discuss limitations in more detail later in this chapter.

For brevity from now on we will refer to the architecture generator and evaluator as Magellan

in honor of the explorer Ferdinand Magellan who was the first explorer to circumnavigate the

globe. Magellan searches for feasible ways of selecting and connecting components together

from predefined libraries such that they form an architecture or configuration which does not

violate constraints. The primary contribution to the literature on architecture generation is

that resource flows are directly based on nonlinear model behavior through the use of convex

hulls around operating points (smallest convex set that contains all operating points). This

will be discussed in more detail later in this chapter.

Libraries of components can exist at multiple levels of abstraction or granularity. At higher

levels of abstraction multiple components or subsystems are grouped into subsystem types.

More generally, groups of interacting components at lower levels of abstraction can be treated

as a single component at higher levels of abstraction. The primary reason for using abstrac-

tion is rooted in scalability. We can think of the selection of a particular architecture in

terms of making a set of design decisions (for example the presence or absence of a gearbox).

The design space grows exponentially with the number of design decisions that need to be

made to define an architecture. Grouping lower level components together into subsystems

and making design decisions at the more abstract subsystem level reduces the number of

design decisions that need to be made to define an architecture. Once an architecture at a

higher level of abstraction has been selected, it constraints the design problem at a lower

level of abstraction exponentially reducing the number of alternatives. This approach can
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eliminate potentially feasible concepts at the more detailed level of analysis since subsystem

boundaries have now been defined limiting interaction of components across those bound-

aries. It does however, make the design space smaller by reducing the number of design

variables. The decision of how to abstract groups of interacting components into component

types is non-trivial. A method for grouping different formulae using linear constraints on

their outputs [78]. We a adopt a similar approach for nonlinear systems here.

The primary function of Magellan is to generate sets architectures from libraries of compo-

nents and compute their complexity and performance in order to allow explicit tradeoffs to

be made between these two objectives. It therefore may be categorized as a decision support

tool. Reference [79] outlines a list of elements that decision support tools must have that

are summarized below:

* Representation: A way of describing the design space mathematically. This is the

vector of design variables and the set of values each element can take. In systems

architecting problems one commonly used way of formulating design variables is a

binary vector of design decisions where "1" indicates the presence of a component or

connection and "0" indicates its absence. This approach is referred to as a binary

decision tree and is used here.

" Search Algorithm: An algorithm that searches for assignments of values to elements of

the design vector that do not violate any constraints.

" Structural Reasoning: A way of writing constraints that can be interpreted by the

algorithm which searches for feasible architectures.

" Evaluation: A way of computing objective functions to compare architectures.

* Visualization: A way of visualizing the results.
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Each of the requirements outlined in [79] are addressed in the development of the architecture

generation approach. In addition, [57] underlines reusability and the reduction of problem

computational complexity as desirable attributes of architecture of decision support tools

which will be addressed here.

4.2 Representation and Visualization

We introduce the Design Space Structure Matrix (DS2M) for the purposes of representa-

tion and visualization of the design space. The DS2M is an extension of the well known

Design Structure Matrix (DSM) that is used to express connections between components

via ones and zeros in an adjacency matrix [80]. Like the Design Structure Matrix, the rows

and columns of the Design Space Structure Matrix represent components or functions. A

non-zero entry in any location indicates a flow from the column component into the row

component. In contrast to the Design Structure Matrix, which describes the components

and connections within a single architecture, the Design Space Structure Matrix contains

all possible architectures given a library of components. Every feasible architecture can be

expressed as a subset of the components and connections within a single DS2M given a

component library and bounds on the maximum number of components.

The DS2M builds on previous work using Multi-Domain Mapping Matrices (MDM) which

allows a DS2M like matrix can be generated from matrices mapping components/functions

to input flows and output flows [5, 81, 51]. There are however, a few important differences,

both when compared to MDM approaches and compared to the design structure matrix

itself.

* Flow Properties Captured As Well as Flow Type: Design Structure Matrices

and Multi-Domain Mapping matrices typically only define flow type and do not dis-
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tinguish between multiple interfaces which have the same flow type. For example, if a

single component has high and low temperature gas interfaces, a DSM does not con-

tain the information necessary to distinguish between them unless a new flow type is

defined. Every location in the DS2M contains a data structure rather than a binary

variable. This data structure encodes pairs of interfaces that are connected by instance,

type and a set of linear constraints representing the flow envelopes at each interface. As

will be described in the Structural Reasoning section, a single component may have n

different gas interfaces each with an associated flow envelope. Flow envelopes capture

the detailed physics behind each of the connections between components, in addition

to showing their existence/absence and type.

" No Flow Direction Assumption: Previous work has generally assumed user defined

flow direction while the baseline DS2M represents all connections given a component

library of interfaces of the same type with no assumptions on flow direction. The

direction is determined later by examining flow envelopes at interfaces.

" Multiple Instances of Functionally Identical Components: The DS2M explic-

itly shows the minimum and maximum number of instances of functionally duplicate

components. Because of this fact, every feasible architecture will be strictly a subset

of the components and connections in the DS2M. This is not the case with previous

work [81].

" Elimination of Infeasible Connections: The final difference is that, pairwise in-

feasible connections (this includes removal of possible flows in one or both directions

between components) are eliminated using resource flow envelopes at component in-

terfaces represented by convex hulls.

The DS2M can also be converted into a binary matrix for visualization. While relatively

small DS2M-s and DSM-s (less than 100 rows or columns) are human readable, they are most
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useful when used in conjunction with algorithms which analyze them to help the designer

improve understanding of the system. Clustering algorithms, for example, find subsets of

components which have many connections between one-another compared to connections to

the remainder of the system. Clustering algorithms assist with subsystem definition [27].

Figure 4.1 describes the convention for different types of flows and their direction. An

example of a generic DS2M for a library of motors, gearboxes and propellers is given in

figure 4.2. In figure 4.2 only pairwise feasible connections are allowed to exist.

Flow Type Interface Flow Direction
Mechanical Power Input/Output
(Translational. Rotational etc.) F]
Mass Flow Input
(Gas, Oil, Fuel etc.)

Energy Flow Output
(Electric, Heat etc.)

Information Flow
(Control, Sensing)

Compatibility Scored Connection
Complete (Black), None (White)

Figure 4.1: Convention for flow type and interface flow direction. Four primary flow types
are used [12]. Each type has associated with it a color, number and location within a cell in
the DS2M. Three different interface flow directions are represented. These include inputs,
outputs and input/output interfaces. As the name suggests input/output interfaces have no
inherent direction associated with them.

The DS2M defines set of components and connections that can exist. Prior to searching for

feasible architectures, we must therefore generate the DS2M. DS2M generation occurs in two

phases. These are summarized below and provide a detailed discussion later in this chapter.

o Phase One: In the first phase all interfaces of the same type (e.g. shaft power) are

connected bi-directionally (e.g. Component A to B and Component B to Component

A flows exist) to create an initial DS2M.

A simple example of phase one DS2M generation is shown in figure 4.2. The exam-

ple consists of a Design Space Structure Matrix generated from a notional library of
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propellers and motors which exchange energy. All interfaces of the same type are

connected to one another.

e Phase Two: In the second phase connections are removed from the initial DS2M if

the set of demanded resources does not intersect with the set of supplied resources.

This is based on previous work done by [51] and [73]. The primary difference is the

generalization of flows at component interfaces into resource envelopes expressed as

convex hulls. The direction of flow is determined implicitly using the sign of the

"quantity" variables (e.g. mass flow) of the convex hulls.

A simple example of phase 2 of DS2M generation is shown in figure 4.3. The exam-

ple consists of a Design Space Structure Matrix generated from a notional library of

propellers and motors which exchange energy. All interface pairs for which for ex-

ample angular velocity ranges are incompatible are eliminated. We will discuss how

exactly these constraints are enforced in the next section. The thrust requirement is

represented by a component in a similar manner to [73]. Since we are now examining

only pairwise compatibility, the thrust requirement component is only described via

"quality" variable convex hull (e.g. Mach number and Altitude for example). This

ensures that thrust can be provided at the correct flight condition.
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Figure 4.2: Automatically Generated Design Space Structure
Representation (b) Matrix Representation

Thrust

M otori

Library of Components ' otor2

Motorl Prpellerl Grbox

r pge Propeller

Motor2 Propeller3 j
Propeller3

(a)

Matrix (a) Block Diagram

(b)

Figure 4.3: Resource Constrained Design Space Structure Matrix (a) Block Diagram Repre-
sentation (b) Matrix Representation

4.3 Structural Reasoning

This section discusses an approach to assessing the feasibility of architectures that relies on

constraints on resources produced and consumed by individual components.
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4.3. STRUCTURAL REASONING

4.3.1 Pairwise Feasibility (Convex Hulls)

We propose a resource envelope based approach to assessing whether individual connec-

tions in the DS2M are possible. Resource-based approaches to architecture generation treat

components as producers and consumers of resources [73] and only connections for which

resources provided can equal resources consumed are allowed to exist. The primary con-

tribution to resource-based approaches in this work is the generalization of resource flows

to convex hulls (smallest convex set around points) which encompass all possible resource

flows.

A useful analogy to help illustrate this concept is aerial refueling. Figure 4.4 notionally

depicts the operating envelopes of a KC10 tanker and F/A-18. A necessary condition for

the KC10 to be able to refuel the F/A-18 is that that the two aircraft are able to fly at the

same Mach number and same altitude. Put differently, their operating envelopes need to

intersect.

Mid-Air Refueling Analogy

.4-j40 4_j

Mach Mach Mach

Figure 4.4: Performance envelopes of KC10 and F18 must intersect for them to be able to
exchange fuel in flight. Images from left to right taken from [13], [14] and [15] respectively.

The same concept can be used to check if a turbine can power a compressor. In figure 4.5
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Figure 4.5: Resource envelope intersection constraint. To reduce the number of constraints
we approximate the true intersection of the convex hulls representing shaft power with one
that contains fewer linear constraints. For this reason the depicted intersection (highlighted
in red) does not exactly match the true intersection of the convex hulls.

we consider a shaft power connection between the two components. The resource envelopes

in this case express the set of possible torques and angular velocities that can be produced

by the turbine and consumed by the compressor. Since the intersection of the resource

envelopes is non-zero (shown in red) there exist some angular velocities and torques which

match. Therefore this connection is possible. Resource envelopes can be expressed as sets of

linear constraints that form convex hulls (smallest convex set which contains all operating

points). We can then use these to formulate a condition for feasibility in equations (2) and

(3) which state that a connection is only feasible if the normalized volume of intersection of

the convex hulls describing resource flows is greater than a user defined tolerance.
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Figure 4.6: Intersection of true envelopes based on data from [16].

Upon careful inspection of the intersection of the of compressor torque and angular velocity,

we notice that the actual envelope shown in red in figure 4.6 is not convex. In all cases the

convex hull around operating points will be a larger set than the underlying performance

envelope. This means that the convex hull around operating points will be an "optimistic
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assessment" of the possible flows that a given interface can provide, generating false positives,

especially when the underlying performance envelope is not convex as shown in figure 4.6.

This is the primary disadvantage of the convex hull formulation.

The advantages of using the convex hull intersection approach to resource-based architecture

generation may be summarized as follows:

" Convex Hulls Expressed As Linear Constraints: One of the primary advantages

of using convex hulls around operating points to describe component interface behavior

is that convex hulls can be represented via as a set of linear constraints. This simplifies

the underlying mathematics of finding volumes of intersection of convex hulls since

intersection regions can be computed by combining the linear constraints of different

interfaces together. In addition linear constraints can be more easily integrated into

existing constraint satisfaction tools and be used to formulate linear programming

relaxations of architecture generation/evaluation/optimization problems [74].

" Smaller design space: Using the presented resource envelope approach, infeasible

connections can be eliminated, reducing the size of the design space.

" Reusability (resource envelopes defined in library): Convex hulls which describe

resource flows are associated with a component model library rather than objectives

of the architecting problem. Once a library of components is defined and the convex

hulls describing possible resource flows of components are known, they do not need

to be updated in order to generate architectures that satisfy new requirements. This

renders convex hull constraints reusable for different problem instances.

" No false negatives (don't eliminate potentially feasible designs): If the user

chooses to set the minimum acceptable intersection volume of performance envelopes to

be zero, only those connections which are always pairwise infeasible will be eliminated.
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Before continuing our discussion we emphasize that flows between components can be de-

scribed by two types of variables which are treated differently. The first type describes flow

"quality" (temperature, pressure, voltage) and the second expresses flow "quantity" (mass

flow, energy flow, torque, power) [73]. For flow variables which describe flow quantity, Kirch-

hoff's current law applies (conservation of mass, energy and momentum) and feasibility will

therefore depend on the network of connections in a given configuration (components defined

a-priori). For the general system architecting problem in which component sizes are not de-

fined in advance, but are determined during optimization, conservation laws are enforced in

the mathematical model of the system during optimization.

The DS2M represents pairwise feasible connections. If component A has a flow to B which

in turn is connected to C the compatibility between A and B is not affected by the presence

of component C. For this reason only those variables are considered which describe resource

"quality" like temperature, pressure, voltage are used during DS2M generation. If the mini-

mum threshold for convex hull intersection is infinitesimally small the DS2M definition does

not eliminate any potentially feasible designs (no false negatives during DS2M generation).

4.3.2 Network Feasibility Using Resource Envelopes (Convex Hulls)

In the previous section we discussed feasibility of connections in isolation. Constraints which

apply to individual decision variables (the presence or absence of individual connections) are

referred to in the literature as node constraints [82]. While these constraints are useful in

reducing the number of possible connections prior to architecture generation, they do not

address the feasibility of networks of interfaces. We now introduce resource envelope based

network constraints.

Consider a similar situation to the compressor-turbine example in the previous described
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driving a single compres-

earlier. In this case we have two identical low power turbines shown in figure 4.7 which have

exactly half the torque of the turbine in figure 4.5. Torque is a quantity variable, meaning

that the flow of torque into the compressor must equal the flow of torque out of the turbines.

The flow of torque to the compressor from the two turbines is therefore the same as the flow

of torque from a single turbine that has twice as much torque. This is shown graphically in

figure 4.7. Resource flows describing the two turbines sum along the quantity variable axis.

The result is the same as in the previous section. There are steady state operating points

for which the two turbines together can power the compressor.

Taking into account only the pairwise feasibility of connections results in a combination

of false positives since the problem is underconstrained and false negatives if additional,
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manually defined heuristics are used to constrain the problem. We therefore extend the

resource envelope constraints to networks of connections by stipulating that only those sets

of connections are feasible for which there exist operating points within all resource envelopes

that satisfy conservation of resource quantity. These constraints are applied after the DS2M

has been defined during search for feasible configurations. Note that if components are

unsized, conservation of resource quantity is enforced during optimization and not during

architecture generation.

We now briefly describe algorithmically how network constraints are enforced. Consider the

notional architecture in figure 4.8 which we define interfaces A".t, Bin, C'ut, Din, Dout, Ein

and edges el, e2 , e3 and e4 .

Aout elBin

Component A Component B

e2
Cout Din Dout Ein

~3 1 4 poloComponent C Component D Component E

Figure 4.8: Notional architecture.

1. The feasibility of the connection between pairs of interfaces can be checked by inter-

secting their convex hulls. We therefore focus on the network of connections between

Aout, Bin, Cost, Din. These are depicted in figure 4.9. We have added flow variables

(eAout, eBin, ec0 u, eDi,) which represent the total flow through each interface. Every

flow is constrained by the convex hulls associated with each interface.

A necessary condition for the feasibility of the network of connections shown in blue is

that there exists a set of values of el, e2 , e3 , eAout, eBin, ecout, eDin such that:
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eA.. . Aout el Bin eB

e2

.. .t e3  eD

Figure 4.9: Notional architecture.

eA0 ut E conv(Aout)

eB. E conv(Bin)

ec.ut E conv(Cout)

eDin E conv(Din)

2. Since there are no flow transformations, the flows in this subgraph must have the

same quality variables (similar concept to mesh voltage). We first find the convex hull

describing the feasible set of quality variables for the network by intersecting all quality

variable convex hulls:

convquality (Network) = conVquauity (Aout)nconvquaity (Bin) nconVquality (Cot ) nconVquality (Din)

As was mentioned earlier, for problems in which components sizes are not defined
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a-priori, conservation of "quantity" variables (e.g. mass, momentum and energy) is

enforced during the optimization. Therefore, we only check that any connected network

of interfaces can have the same "quality" variables by intersecting convex hulls defined

along "quality" variable axes (e.g. temperature, pressure, Mach number or voltage). In

cases where sizes of components are defined, the "quantity" variables are also defined

we can perform an additional feasibility check to determine that the network is feasible

according to conservation laws during architecture generation.

3. We now find the min and max values of "quantity" variables at each interface by

intersecting their convex hulls with convquality(Network). One example of how this

can be expressed is given below:

AoUtmax = max(convquality(Network) n conv(Aout))quantity variable projection

4. We now find the incidence matrix of the interfaces and use it to construct a system

of linear inequalities whose intersection represents the feasible region for the entire

network. In the incidence matrix -1 indicates a flow into a node and 1 indicates a flow

out of a node.

A', = IAi,3|

Interface el e2  e3

Aout 1 1 0

Bin -1 0 0

Cout 0 0 1

Din 0 -1 -1
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A'e = b

-A' -bminK]e <; 7:7A' bmax

Where

Aut Aout

bmin = Bin bmax = Bin

Cout Cout

Din JmnLDinJma- -min- max

A necessary condition for feasibility is that the space described by the inequalities

above is finite.

Example: An example to illustrate is the notional engine configuration exploration problem

with multiple thrust providers and a thrust requirement in figure 4.10. Thrust is transferred

through mechanical connections given in black. We follow the DSM convention in which red

denotes material flow, green denotes energy flow and blue denotes information flow. The

configuration on the right is found to be infeasible since the thrust providers are unable

to provide sufficient thrust through the network of mechanical connections. The primary

difference between the two configurations is that the one on the left has two thrust providing

components (a fan and a propeller) whereas the one on the right has only one (a fan).

Note that for problems in which we are not using components of a fixed size, we ensure

that an architecture provides enough thrust through sizing of propellers and fans during

optimization.
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Figure 4.10: (a) Architecture example 1 (b) Architecture example 2

4.3.3 Satisfying Requirements

Ensuring design space exploration tools generate architectures that meet requirements is

often done through experience based rules. The user must write component and connection

compatibility rules which not only ensure that the system will generate the required types

of output like thrust or power, but that it will do so subject to constraints. One way of

approaching this problem for simple requirements such as providing a given torque, is to

add imaginary components which enforce requirements via the same performance envelopes

used to create the DS2M (see figure 4.11). These so called "imaginary components" are

mathematically identical to real components. Other approaches to resource-based architec-

ture generation have used similar concepts. The primary addition here is that resources are

described via the convex hulls of component operating points [73, 1, 831. We limit the scope

of this work to consider only those requirements which can be expressed as flows of resources.

'a
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Requirements Are Components

Motor ru t

L~ll~0
Requirements Are Components

Ducted Fan

Motor Thrust

Requirement

Ducted Fan

Figure 4.11: Imaginary Component Requirements Satisfaction

4.4 Multiple Layers of Abstraction

It is possible to update the resource envelopes of subsystems using simulation data from

deeper abstraction layers. Resource envelopes can be mechanisms of information transfer

between abstraction layers, allowing approximations made at higher layers of abstraction

to be directly traceable to detailed simulation. The approach here builds on previous work

done in [73]. The primary contributions are that we extend the approach in [73] from

configuration problems to systems architecting problems and that resource envelopes are

expressed as convex hulls.

Consider the two abstraction layers depicted in figure 4.12. At level N+1 we have two

possible ways of generating thrust. The first uses a propeller, whereas the second uses two
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ducted fans. If we consider thrust a resource which can be provided at different flight speeds

the behavior of both options for generating thrust at level N+1 can be expressed via resource

envelopes (expressed as convex hulls) as depicted in figure 4.12. The union of all possible

behaviors at a deeper level of abstraction becomes an abstracted component at a higher level

of abstraction called "electric propulsion". By taking the union we insure that no potentially

feasible architectures are disregarded given the defined subsystems at level N+1. However,

having taken the union, the thrust resource envelope of electric propulsion is now overly

optimistic and will likely generate infeasible architectures. If we take the intersection the

opposite is true. To limit this effect, a clustering algorithm can be used to find groups of

subsystems at level N+1 which are similar to each other to be used in abstraction.

Union

ElectricLevel N E tnei
Propulsion

Flight Speed

Abstraction is Union of Convex Hulls

I,---------------------------------
Ducted Fan

Level N+1 Motor

Ducted Fan Flight Speed------------------------------------------ -----IFihSpe

Figure 4.12: Abstraction from level N+1 to level N

Taking the union of resource envelopes at level N+1 can be overly optimistic (generate

false positives), whereas taking the intersection will be overly pessimistic (generate false

negatives). In figure 4.12 the union of resource envelopes shown in red intersection shown
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in blue. We want to be able to create a convex hull between the union and intersection.

A significant literature exists on morphing 2 and 3 dimensional polyhedral objects into one

another in the computer science literature. One approach is to use the algorithm described

in [84]. Implementation of this algorithm is left for future work.

Abstracting subsystems to higher levels of abstraction constrains the design space. Setting

module boundaries and defining interfaces at one level of abstraction and then building

such a module from more detailed components at a deeper level of abstraction we constrain

the space of possible concepts. This is due to the fact that only those combinations of

components which conform to the set of interfaces defined at higher level of abstraction are

allowed.

Consider the electrical propulsion conceptual component at level N in figure 4.12. In this

case, the electrical propulsion module only has a single interface which allows it to transfer

thrust to other parts of the system. Defining the propulsion concept in this way, we eliminate

all other potential connections that cross the module boundary. For example, the electrical

motor component is unable to provide shaft power outside the module boundary. If explo-

ration of the entire system were carried out at a deeper level of abstraction, where motors,

propellers and fans are treated as separate components, such module boundary crossing

connections would be permitted. On the other hand, if we considered a system in which

propulsion were not the only module at a deeper level of abstraction, the number of possible

components and connections would be greater (the motor, fan and propeller would be treated

as separate components). Assuming that we had up to two fans, up to one propeller and up

to one motor as is depicted in figure 4.12 we would have four components representing pos-

sible electrical propulsion architectures rather than one resulting from abstraction resulting

in 23 times more component combinations.
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Thus while taking the union of convex hulls does not generate any false negatives for the

electric propulsion module itself, the definition of the electric propulsion module at level N

does since it only allows interaction with that module through predefined interfaces. This is

why, while abstraction is useful for reducing the combinatorial space, to avoid false negatives

for the broader system architecting problem, one should model at a level of abstraction which

is as deep as available computational resources allow.

4.4.1 Architecture Evolution

Another potential application of convex hull resource envelope intersection is in the redesign

or retrofitting of existing architectures. Once a subsystem or set of components is selected

for replacement Magellan allows users to fix all other connections or components to be

always present by reducing the domain of their binary decision variables from [0,1] to 1 and

regenerate architectures. Imagine we only allowed part of an architecture to vary which is

shown in the grayed out portion of figure 4.13.

r------ --- ----- ------ ---------------- --
-Mechanical

Requirement
- m o nEnd

Comnpor "r 1

Mass Flow

Requirement

m- po nd4

Cornp ent3 + Requirement

to m o ne6Information
- - - ---- -Requirement

Figure 4.13: Architecture evolution using resource envelopes
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We could use the convex hulls representing the interfaces of the fixed part and the require-

ments components to constrain what new components could be used to once again complete

the architecture (i.e. ensure that all interfaces have compatible flows to them and require-

ments flows are met).

4.4.2 New Components: Application to Technology Roadmapping

We now consider the situation in which existing component types at a given abstraction level

are not able to meet requirements. In such a situation, we define a new dummy component

and conduct a sensitivity analysis to determine what resource envelopes it would need to

enable new architectures to exist. Once resource envelopes are determined at level N we can

conduct architecture generation again at a deeper level of abstraction using those resource

envelopes as requirements. This is shown graphically in figure 4.14. Thus the first phase

provides insights as to what component should be developed to enable a new architecture to

exist, while the second phase searches for ways of creating that component.

Note that this proposed approach to generating components builds on previous work [73].

The primary contributions here are that resource flows are represented via convex hulls

around operating points from detailed simulation, and the approach is used in architecture

generation (component sizes determined during optimization) in addition to configuration

generation (component sizes fixed [73]).
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1. Define resource flows: Find
convex hulls that describe a
component at level N which
enables new configurations to
exist.

2. Create component that
provides resource flows:
Conduct configuration generation
at level N+1 to build component
defined in first step.

p

Level N-1 Subsystems

Level NI
Component A Component 2

Level N+1
-. . . . . . . . . . . .-.-- -.-- --.-- ----.-- ---.- -.-- -.-- ---.- -.-.-- -.- .-

Figure 4.14: New components: First resource flow envelopes at abstraction layer N are
defined. This is followed by an attempt to generate these flows with architecture generation
at a deeper level of abstraction.

4.5 Search Algorithm

Once a DS2M is generated, we still need to search for feasible architectures. The DS2M is

encoded into 2 design vectors. The first design vector expresses the presence or absence of

components, while the second expresses the presence or absence of connections. We search

for feasible groups of components subject to user defined rules using depth first search with

backtracking [82]. We then search for feasible sets of connections between each feasible set

of components using depth first search with backtracking. Since we have applied convex

hull constraints to the DS2M, the set of possible connections is smaller by some number n

connections, making the design space 2n times smaller.

Depth first search with backtracking assigns values to each of the decision variables in the

design vector. After assigning a value to each element of the design vector it checks whether

a constraint has been violated. If a constraint has been violated, it "backtracks" and changes

the last decision that it made [82]. The rules applied during search are either resource flow

U
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constraints (convex hulls) or additional constraints defined by the designer's experience.

Convex hull constraints reduce the domain of the design vector by eliminating certain de-

sign decisions (connections between components) from consideration. Subject matter expert

opinion informed rules can be anything from stating the minimum and maximum number

of flows for an interface to something slightly more complex, like every oil loop must have

exactly one oil pump in it. They can also relate numbers of components to one-another (e.g

the number of gearboxes must not be larger than the number of components that can be

driven by a gearbox). All of the above are used in this work.

4.6 Performance Evaluation

4.6.1 Simulation

Simulation and/or optimization of architectures occurs after a feasible concept has been

generated by Magellan. The purpose of simulation is to compute metrics of interest such as

fuel efficiency. The number of architectures generated by Magellan can be in the thousands

even with the use of abstraction layers to reduce the size of the design space. For this

reason any simulation approach that we take must run quickly (on the order of seconds)

and be robust. In other words, simulations must be able to run for thousands of nonlinear

heterogeneous models without human intervention. In addition, any simulation environment

we select must allow libraries of components to be assembled together in new architectures

automatically.

After investigating multiple languages and modeling environments we select the Modelica

modeling language and OpenModelica modeling environment for simulation was selected.
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Figure 4.15: Modelica model of simplified turbojet. Run time approximately 2 seconds.
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Figure 4.16: Modelica model of simplified turbofan. Run time approximately 2 seconds.

The Modelica language and the OpenModelica modeling environment have proven to be

robust for modeling nonlinear heterogeneous systems [85]. The first case study in this work

considers air-breathing propulsion systems with nonlinear behavior. Using Modelica models

that were created for this case study we determined that even with complex architectures

in which multiple fans are powered by a single core through gearboxes (109 governing equa-

tions), steady state model execution takes approximately 2-3 seconds. A screen shot of
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Figure 4.17: Modelica model of simplified geared turbofan. Air-oil (AOHEX) and fuel-oil
(FOHEX) heat exchangers are used to cool oil circulating through and lubricating gearbox.
Run time approximately 2 seconds.

OpenModelica with one such unconventional architecture is given in figure 4.18. Complex,

existing engine architecture models were also examined to check that they converged to a

physical solution and that run time was on the order of a few seconds. These are shown

in figure 4.15 (turbojet, least complex engine architecture), figure 4.16 (turbofan, similar to

most current engine architectures) and figure 4.17 (geared turbofan, similar to new engine

architecture from Pratt & Whitney).
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Figure 4.18: Modelica model of unconventional architecture consisting of multiple fans pow-
ered by a single turbine. One of the fans is geared. Air-oil (AOHEX) and fuel-oil (FOHEX)
heat exchangers are used to cool oil circulating through and lubricating gearbox. Run time:
approximately 2-3 seconds.

4.6.2 Multidisciplinary Optimization

To let each architecture put its "best foot" forward, the models allow for design parameters

to be changed by an external optimizer for the purposes of multidisciplinary design opti-

mization. Since the feasibility of a architecture depends on intersection of convex hulls, we

can use them to inform initial guesses on model variables to increase the likelihood that the

model will converge to a physical solution. Note that in principle the convex hulls at com-

ponent interfaces could also be used to constrain optimization by for example bounding the

temperatures, pressures and Mach numbers of flows between components. Alternatively, one
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can check that after optimization each flow between components lies within the predefined

convex hulls. Returning to the compressor-turbine example in figure 4.5, the constraint that

could be placed on the optimizer is that flows between them must lie within the convex hull

intersection.

4.7 Complexity Evaluation

Complexity was estimated using a complexity metric from the literature [27]. This complex-

ity metric was selected for the following reasons:

9 The metric considers both complexity of individual components and the network of

connections between them.

" A relationship between the complexity metric and development

posed.

" The proposed relationship between complexity and development

dated with human experiments.

" A growing body of evidence supports the proposed relationship

and development effort ([27, 86]).

The complexity metric is given by the following expression:

C= ci + E3ijAjYE(A)
i=1 i=1 j=1

effort has been pro-

effort has been vali-

between complexity

(4.3)

Where n represents the number of components, # j represents the complexity of each connec-

tion between components, A represents the design structure matrix (binary matrix encoding

connections between components), -y = 1/n is a normalization factor where n is the number
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of components and E(A) is the graph energy of binary design structure matrix. In other

words, the first term on the right hand side represents component complexity and the second

term represents complexity due to the network of connections between components.

The relationship between development effort and complexity given in [27] is of the form:

Development E f fort = ACk (4.4)

Were A and. k are constants and C is complexity. According to [27], these factors are specific

to problem domain and the organization that is conducting the development effort. If we

restrict ourselves to comparing similar products developed by the same organization and

normalize complexity relative to a reference architecture, the relationship becomes:

Development Ef f ort Ck (4.5)

Development Ef fort Reference R eference

Comparing to a reference architecture eliminates the need to use a specific factor A which

would have to be determined from historical development effort information (e.g. cost data).

Such data for gas turbine engines is typically proprietary to engine manufacturers. According

to [27] and [86] the exponent k typically ranges from 1.5 to 3.5.
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4.8 End To End Architecture Generation Example: Mass

Spring Damper

This section describes an end to end run of the Magellan architecture generator for a mass

spring damper system with up to two springs and dampers. A DS2M is generated. Infeasible

connections are then removed from the DS2M using pairwise convex hull constraints. We

first search for feasible groups of components subject to user defined rules. We then search for

feasible sets of connections between each feasible set of components, to generate individual

architectures.

4.8.1 Phase One DS2M Generation

Phase one DS2M generation connects all interfaces of the same type. Since all interfaces here

are mechanical this results in a fully connected DS2M, which from a scalability perspective

is not useful unless constraints are applied prior to architecture generation 4.19.

4.8.2 Phase Two DS2M Generation

In phase two DS2M generation we eliminate pairwise infeasible connections by checking for

convex hull intersection for each pair of interfaces. To apply the convex hull approach we

define linear constraints on flows at each interface (convex hulls around operating points are

represented by linear constraints) as in figure 4.20. For this example we represent mechanical

connections by power (from translational motion) and velocity. The normalized intersection

volume of all pairs of interfaces is depicted in gray scale in figure 4.21 in which white indicates

zero intersection and black denotes a normalized intersection volume of one (perfect overlap).

... .. .......
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Figure 4.19: Automatically Generated DS2M Example (Mass Spring Damper)(a) Matrix
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Note that each connection in the DS2M may represent more than one connection in the

system since each component has more than one unique interface (see network diagram in

figure 4.20). Applying convex hull constraints results in a reduction of the number of possible

connections from 41 to 20 representing a factor of 221 reduction in the design space.

Once the DS2M has been generated the search algorithm finds feasible architectures subject

to any additional constraints. In this case only pairwise feasibility resource constraints were

considered. This results in the two architectures shown in figures 4.22 and 4.23.

4.9 Architecture Generation Results
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Figure 4.20: Interface Resource
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Figure 4.23: Architecture 2

4.10 High Level Summary

Figure 4.24 describes at a high level how Magellan operates. First, given a library of compo-

nents and bounds on the maximum number of instances of components, all possible connec-

105

Masai

Spingi

SprlnS2

Dampetn

Damp#

MechRall

Massi S S n Pam sri i2 MechRefl
-~ -1~

--- 1--- -- --- - ----- H-

I I I

I I I

r I
4 4 I I

T *T T" ~
I 4 I
L~ ~J.-~- ~4 ~ -
I I

I i I I
-~ -r- -i-

I I I
I I I I

I I I I I

-F-- --i-- --4----------
4 4 I

-4-

4 4 I
- - .~ L ~ -

(a)

Figure 4.22: Architecture 1

1 1



CHAPTER 4. APPROACH

tions are encoded into a DS2M (network diagram view given). Every feasible architecture

(DSM) will consist of a subset of the components and connections in the DS2M. Components

and connections are encoded into a vector of binary design decisions (zero or one represent-

ing the presence or absence of a component or connection). Then, prior to search, infeasible

connections are removed using physics based rules (convex hulls). A depth first search algo-

rithm subject to constraints is first used to find feasible component combinations subject to

expert experience-based rules. Then for each feasible set of components, the same algorithm

searches for a feasible set of connections to generate an architecture or configuration. An

example of how feasibility of local networks of components is enforced was given in this

chapter, but was not used for the case studies. Feasible architectures are finally simulated

and in the air-breathing engine case study, optimized.

Component Library (Convex Hulls)

Generate DS2M
All interfaces of same type connected.

Remove Pairwise Infeasible Connections DS2M
Remove pairwise infeasible connections using convex hull

intersection.

Find Feasible Architectures (DSMs)
Search subject to convex hull network flow constraints and

additional rules based on user experience (depth first search)

Simulation

Optimization

* 0

*0

CU

oCplexity

IL Complexit

Convex hull
framework
proposed but
not used in
case study

Figure 4.24: Magellan flow chart
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4.11 Limitations of Approach

The limitations of the approach were mentioned in individual subsections earlier in this

chapter. We now summarize and discuss them in detail.

4.11.1 1D Network Flow Representation

The first limitation of the presented approach to architecture generation, evaluation, opti-

mization and performance-complexity tradespace exploration is that feasible architectures

are generated using flow consistency constraints (convex hulls) applied to a one-dimensional

network of flows between known interfaces. While a one-dimensional network flow represen-

tation allows rapid evaluation of novel architectures, it does not explicitly take into account

physical layout of components or the details regarding how they are connected to one an-

other. This means that transfer of energy between components due to anything else is not

directly captured. In addition, load transfers in more than a single dimension are not cap-

tured directly. Fluid stagnation pressure losses due to 3-dimensional layout of components

are also not directly captured. These limitations mean that while a particular network of

connections between components may be feasible according to the constraints implemented

in the architecture generation and one-dimensional models/optimization, the architecture

may prove to be infeasible upon closer examination due to an absence of a feasible three-

dimensional layout. The point is that a one-dimensional network representation is optimistic

and therefore a useful tool for initial screening of architectures without elimination of po-

tentially promising concepts.
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4.11.2 State Dependency during Architecture Generation

Another important limitation is that component convex hulls are computed for components

in isolation. As we assemble components together into an architecture the possible inputs

of components is constrained by the intersection of convex hulls. One can think of every

additional component as an additional set of constraints. The convex hulls are not updated

through nonlinear simulation of individual components to reflect this while generating ar-

chitectures. The feasibility of networks of connections can be considered, but this is done

considering only local networks of connected interfaces. The only point at which state depen-

dency (explicit dependence of outputs on component inputs) is captured is DS2M generation

and simulation and multidisciplinary design optimization of potentially feasible architectures.

4.11.3 Abstraction

As mentioned earlier, when defining a subsystem at a higher level of abstraction (subsystem

boundary and interfaces which allow it to connect to other subsystems) we necessarily limit

the interactions that components within that subsystem can have with neighboring subsys-

tems. For example, if we define an electrical propulsion subsystem at Level N which only

has a mechanical thrust interface, it cannot share electrical energy with other subsystems.

In exchange for reducing the combinatorial space, we therefore eliminate potentially feasible

connections across a defined subsystem boundary, limiting the space of concepts that can be

generated. This is a source of false negatives (elimination of potentially promising designs

due to user defined module boundaries). The concept is shown graphically in figure 4.25.

Figure 4.25 also illustrates the potential for false positives if the set of convex hulls of
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Electric Intersection
Level N. <

Propulsion

False positives due to convex hull of union Flight Speed

Abstraction is Union of Convex Hulls
False negatives due to module boundary

r-------- ------------------ --
Ducted Fan

Level N+1 Motor

Ducted Fan Flight Speed

Figure 4.25: Abstraction from level N+1 to level N. Module boundary crossing connections
limited by description of subsystem at Level N. Difference between union and intersection
generates an optimistic component at Level N whose behavior is the convex hull of the union
of convex hulls at level N+1

different instantiations of a subsystem at level N+1 has a small intersection to union ratio.

For example, if one instance of an electric propulsion system is designed for flight speed A

(for example a ducted fan architecture) and another is optimized for flight speed B (propeller

architecture) the abstracted electrical propulsion component is represented via the convex

hull of the union of the convex hulls at level N+1. This results in "optimistic" abstracted

electric propulsion subsystem performance capable of efficiently providing thrust at both

flight speeds, enabling architectures at level N to exist that are not necessarily realizable

with current technology at level N+1.
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4.11.4 Decoupling of Feasible Architecture Generation and Eval-

uation and Optimization of those Architectures

In the presented approach architecture generation and evaluation/optimization are decou-

pled. This means that when generating architectures, the approach does not have a direct

way of filtering architectures based on results of evaluation and optimization. One way of

filtering dominated architectures is to introduce additional rules from subject matter expert

interviews. This, however, can introduce bias towards existing architectures. Another mech-

anism for filtering dominated concepts is conducting preliminary design space exploration

at a higher level of abstraction and selecting promising architectures for further exploration.

This can be done either by explicitly considering convex hulls at as described earlier in

the methodology section or by explicitly applying additional constraints to design space

exploration that remove dominated architectures from the feasible set. For example if no

electric propulsion concepts are on the Pareto frontier at Level N, all components/interfaces

associated with them can be removed at level N+1. Future work will examine combining

evaluation and exploration.

4.11.5 Robustness of Models and Optimization

Another limitation of the proposed approach is related to robustness of models and opti-

mization. When component behavior is linear, robustness of models (e.g. convergence to

a physical solution) is typically not an issue. However, complex electromechanical systems

often are nonlinear. In such instances, initial guesses for model parameters/design variables

may not provide the solver/optimizer with a feasible starting point. Typically optimization

is carried out on one or a handful of selected architectures. When using computational

approaches that generate hundreds or thousands of architectures, initial guesses for design

RRIP 11111FIRINT"N 101IRRMI
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variables based on intuition may no longer yield feasible solutions. Feasible initial guesses for

simulation/optimization depend on the architecture itself, resulting in a need for different

starting points for different architectures.

In the engine case study that will be discussed in the next chapter the following techniques

were used to increase the likelihood of convergence:

1. Simulation was carried out with different design parameters prior to optimization. Us-

ing the results of simulation runs an intuition for the underlying physics was developed.

Initial constraints for optimization were defined based on this experience.

2. A genetic algorithm was used with nonlinear constraints and a penalty function for

cases in which solver convergence did not occur. The genetic algorithm found "good"

initial guesses for design variables which made architectures feasible.

3. Since genetic algorithms do not guarantee local optimality, the resulting design vec-

tors for each architecture from the genetic algorithm were used as an initial guess for

gradient-based optimization.

ill
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Chapter 5

Air Breathing Propulsion Case Study

In this chapter we discuss an air breathing propulsion case study for civil aircraft. The high

level objectives of this chapter is the following:

* Generate and optimize the set of feasible air-breathing propulsion architectures for

uninstalled fuel consumption.

9 Examine the complexity-performance tradespace of these architectures.

To limit the scope of the analysis we define performance in terms of thrust specific fuel

consumption (engine fuel consumption (kg/s) divided by thrust (Newtons)). We include

electrical generators and motors in addition to gearboxes and turbomachinery components

in the analysis to allow both mechanically driven and hybrid electric engine architectures to

be assessed.

This chapter consists of three sections. We first discuss gathering of historical data for

validation purposes. We then present engine models at two levels of abstraction. Finally we

show and discuss results from engine architecture generation and optimization.
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5.1 Historical Data

During the last 70 years civil engine performance metrics like fuel consumption, NOX emis-

sions and noise levels have all been greatly improved due to component level changes (e.g.

blade geometry and materials change) and architectural changes (changes in types of com-

ponents and connections between them). We gathered engine specification data from 62 civil

engines from "Jane's Aero-Engines" [8] to:

1. Create a database of engines against which models described later in this chapter will

be validated.

2. Provide intuition for the statistical relationships between variables that describe engine

design.

We briefly discuss the primary for gas turbine engine system level design. Figure 5.1 shows

a diagram of a typical turbofan engine [17]. The majority of the data used in this analysis

pertain to engines of this type. For turbofan engines most of the thrust comes from the fan

in the front which is powered by a core consisting of compressors, a burner, turbines and a

core nozzle [36]. Most of the airflow through the fan bypasses the core.

Important design parameters include the fan pressure ratio (fpr), the overall pressure ratio

of the engine (opr) and the burner exit temperature T4 [36], [30]. A full set of variable names

and descriptions is given in table 5.1.

Not all independent and dependent variables are available for all engines in [8]. Figure 5.2

graphically depicts which variables are missing for each of the 62 engines in the dataset.

The variable that is missing for all engines is the burner entry temperature T3 . Figure 5.2

also shows that a number of entries for burner exit temperature (T4 ) are missing from the
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Figure 5.1: Generic gas turbine engine diagram adapted from [17]

dataset. By reducing the number of variables used in our analysis we can increase the number

of engines that we are able to consider.

We first examine the correlation between variables which describe engine performance. These

are thrust specific fuel consumption at cruise (tsfcc) and thrust specific fuel consumption at

takeoff (tsfct). Both of these values are present for 19 engines out of the 62. Normalized fuel

consumption at cruise is plotted against normalized fuel consumption at takeoff in figure

5.3. The two variables are highly correlated. We therefore use only thrust specific fuel

consumption at takeoff in the remainder of this analysis of historical data.

We now examine a larger group of variables (both dependent and independent). These in-

clude bypass ratio (bpr), overall engine pressure ratio (opr), fan pressure ratio (fpr) and
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Variable Name Variable Description

type Encodes whether engine is used for civil aircraft only or if it is used
by both civil and military aircraft

bpr Bypass ratio

opr Overall pressure ratio

mass flow Total mass flow of air

mass Mass of engine

length Length of engine

diameter Diameter of engine

n spools Number of spools (separate rotating shafts)

n compressors Number of compressors

n turbines Number of turbines

n compression stages Total number of stages used in compression

n expansion stages Total number of expansion stages used in expansion

combustor Combustor type

variable nozzle Encodes whether a variable nozzle is present

variable geometry Encodes whether variable geometry (blade pitch can be altered)

contrarotating Encodes whether spools rotate in different directions

fuel Encodes fuel type

open rotor Encodes whether the engine is of open rotor type

year Year of entry into service

afterburner Encodes whether an afterburner is present

maxt Maximum thrust

cthr Cruise thrust

tsfct Thrust specific fuel consumption attakeoff

tsfcc Thrust specific fuel consumption at cruise

st Specific thrust

Table 5.1: Variable names and descriptions

burner exit temperature (T4) in figure 5.4. Fan pressure ratio is positively correlated with

thrust specific fuel consumption (lower fan pressure ratios associated with lower fuel con-

sumption). Overall pressure ratio (opr) and burner exit temperature (T4 ) are negatively
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Figure 5.2: Graphical depiction of data missing from [8]. Each row represents data available
for an engine. Missing data is highlighted in red.

correlated with fuel consumption. Bypass ratio (bpr) is also negatively correlated with fuel

consumption. These results are consistent with literature on air-breathing propulsion sys-

tems and with basic cycle analysis [36], [30].

Finally we carry out linear regression of thrust specific fuel consumption using the design

variables outlined earlier in this section. We therefore regress thrust specific fuel consumption

on overall pressure ratio, fan pressure ratio and burner exit temperature. The regression

diagnostics indicate a good fit (R2 = 0.989 and a root mean squared error of 0.0282). The

regression coefficient of opr is -0.1984 (higher opr reduces fuel consumption), that of fpr is

0.44971 (lower fpr decreases fuel consumption) and that of T4 is -1.4392 (higher T4 reduces

fuel consumption).
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Figure 5.3: Correlation between dependent variables (19 engines with both cruise and takeoff
thrust specific fuel consumption)

In summary, we have created a database of engine data which will be used for validation

of engine models to be described later in this chapter. A regression analysis confirms first

principles reasoning [36].The database contains high level design variables like fan pressure

ratio, overall pressure ratio and burner exit temperature and also contains information about

performance at two operating points (cruise and takeoff fuel consumption) which will be

useful for validation.
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5.2 Engine Reconfigurable Model

The final step of the aichitecture generation process is evaluation. The primary objective

of engine component models was to enable rapid simulation and optimization of different

engine architectures for minimum thrust specific fuel consumption. To evaluate engine fuel

consumption two models at two different levels of abstraction were constructed in Modelica

modeling language. These are described in the sections below. A third level of abstraction

was used to generate convex hulls for turbomachinery components using compressor, fan
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and turbine maps from [16]. The third level of abstraction was also used to define the

components used to build models at level two. We begin our discussion with the most

detailed model (level three) since this was used to generate the convex hulls at higher levels

of abstraction for turbomachinery components. Subsystems at level two were constructed

by assembling components at level three together. Subsystems at level one in turn were

constructed by combining subsystems at level two together. Turbomachinery component

models (fans, compressors and turbines) at level two were simplifications of those at level

three 1.

5.2.1 Abstraction Level Three: Reconfigurable Engine Model

Gas turbine engine components at abstraction level three (the most detailed level) were

modeled using fundamental thermodynamic relations from [36]. The purpose of engine com-

ponent/subsystem models in the context of this work was to provide insight into trends in

engine performance and complexity. The models were required to be robust, e.g. converge

to physical solutions for hundreds or even thousands of different novel engine architectures

with limited or no human intervention. Given the high level objective of observing trends of

this work, a lumped parameter model library of components was constructed The primary

assumptions used throughout this analysis are those outlined in [36] and are as follows:

1. Flow is treated as one-dimensional.

2. Ideal gas.

3. Lumped parameter models of components.

4. Steady state operation.

'Note that the engine component model library was built to architect engines for subsonic civil transport
aircraft. For this reason afterburners (components which increase thrust by burning fuel upstream of the
nozzle) were not modeled.

W.-M ! , ,

120



5.2. ENGINE RECONFIGURABLE MODEL

We now describe the underlying mathematics of each of the component models in detail

starting with a generic intake for subsonic (M < 0.8) and transonic (M < 1.0) flight.

Intake The primary function of an intake is to recover the stagnation pressure of the flow

[36]. The intake was treated as non-ideal in the sense that it did not perfectly recover

the stagnation pressure of the free stream. The intake was assumed to be subsonic, and

typical temperature, pressure ranges were used to define its convex hull (expressed as a

set of linear constraints) based on [36]. Both the convex hull representing gas input and

output of the intake were represented by 4-dimensional polytopes consisting of temperature,

pressure, Mach number and normalized mass flow. The governing equations of the intake

are as follows. See nomenclature section for definition of individual terms.

Conservation of Energy (Adiabatic process)

From conservation of energy and the definition of total enthalpy:

To., = Tin I + 2) (5.1)
2

Stagnation Pressure Variation (Adiabatic Process)

An idealized intake recovers the stagnation pressure of the flow:

P0outisentropic = pin. ( 1 + 2 M2 (5.2)

We model a stagnation pressure loss in the inlet as a stagnation pressure ratio PR.

P0u = PRPOOUtiseropj (5.3)

See appendix for assumed parameters.
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Conservation of Mass

Conservation of mass for a control volume, where rhgasin denotes flux of mass flow into a

control volume, rhgasout denotes mass flux of mass flow out a control volume and dm/dt

denotes the rate of change of mass within the control volume depicted in figure 5.5, is given

by equation 5.5. Applying conservation of mass:

B C

Mgasin m gasout

.- - -- - -- - - - - -- - - - - - - --- - ..... ... - -.......

A 
D

Figure 5.5: Control Volume Representation of Flow in Intake

dmn
Tgasin - gasout = dt (5.4)

For steady flow assumption the dm/dt is 0.

rhgasout = rngasin (5.5)

Mass Estimation

The intake was modeled as a hollow cylinder as depicted in figure 5.6 where the ratio of the

outer and inner radii is given by w = rinner/route,. The intake length L was assumed to be

equal to the fan diameter based on upstream influence arguments and typical geometries

from [8]. We estimate the mass of the intake based on an aggregate density Paggregate and

..... ..........
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router -

*in

L

Inlet

Figure 5.6: Simplified Intake Side View

the volume of the part of the intake which contains material (e.g. ignoring the empty central

section). This gives the following expression for the intake.

mintake = r Paggregate (r ter - r ?nne,)rinner (5.6)

Where we define rinner/router = W:

rinner
roter - r

W
(5.7)

Substituting back into the equation:

3 1mnintake = -grnner '\W2 1)Paggregate (5.8)

To solve these equations one has to make assumptions on w and Paggregate. These assumptions

are given in the appendix and are based on/were tuned based data from [8] and [36].
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Fan The primary function of a fan is to increase the stagnation pressure of a large flow

volume (relative to flow moving through the core of the engine) to create high propulsive

efficiency thrust. We can use either polytropic or isentropic efficiency to express irreversibility

in the compression process. Polytropic efficiency represents the isentropic efficiency of an

infinitesimal compression which is why it is sometimes called the "small stage" compression

efficiency [87]. The upper bound on fan pressure ratio was small (less than 1.6 based on [8]),

isentropic efficiency was used in the calculation, based on [16] (see figure 5.7)).

A fan has 3 primary interfaces: gas flow in, gas flow out and shaft power in. To generate

the convex hulls for the fan, inputs of temperature, pressure, corrected speed and corrected

mass flow were varied resulting in a shaft power convex hull represented by minimum and

maximum shaft power required by the fan and four-D polytopes representing possible tem-

perature, pressure, Mach number and mass flow outputs. The convex hull of the fan was then

manually created based on the corner points for temperature, pressure, mass flow and Mach

number range generated from detailed simulation. An example of a fan performance map is

given in figure 5.7 from [16]. The map consists of isentropic efficiency contours (represented

by the dotted lines), normalized corrected speed lines, plotted against corrected mass flow on

the x axis and pressure ratio on the y axis. The governing equations of a fan are as follows

from [36]. See nomenclature section for definition of individual terms.

Corrected Speed

Corrected speed is given by the following equation from [36].

Corrected Speed = T (5.9)

VTref6

Corrected Mass Flow
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Corrected mass flow is given by the following equation from [36].

Tr

Corrected Mass Flow =
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Figure 5.7: Fan performance map from [16]

po,.t = PRpo,

Stagnation Temperature (Isentropic Process)

240

(5.11)

TOotisentropic = Tom (PR) (
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(5.10)
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riisentropic - TOrop tisentropic - To (5.13)
-00t, To

We include the polytopic efficiency formulation for completeness.

-Y-1
T00u = TOin (PR) 77polytropc'y (5.14)

Where

77isentropic = PR j - (5.15)
1- P R"Polvtrop c

Conservation of Energy

The shaft power required to drive the fan is given by the following:

Powerin = cp (To,, - To i) Tngasin (5.16)

Conservation of Mass

We enforce conservation of mass by stipulating that the mass flux into the component must

equal the flux out.

rhgasout = rhgasin (5.17)

Estimation of Mass

We estimate the mass of the fan component by estimating its volume and multiplying by

an aggregate density. The cross-sectional area which contains flow of any turbomachinery

component is given by:

A = ngasin (5.18)
Pu

Where:

P
P = T U y/T RT M (5.19)
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From isentropic relations:

P = Po(1 + M2)Yi (5.20)

From conservation of energy:

T = To(1 + -M2-1 (5.21)

Rearranging and substituting into the area equation:

A .i RT .vJRV7A = n =T m- T- (5.22)
P /RTM PM(5.22)

Substituting isentropic relations:

. -VIT---) (I + 1 M 2)dA = m- (5.23)
\ POM (1 + Y M2) 

(

Simplifying:

A = r1 +Y M2 ) (5.24)
V/; PoM 2

Having established the area of flow we now need to make some assumptions about the

geometry of turbomachinery components to estimate their mass. While in this section our

objective is computing the mass of a single stage fan, some of the relationships we derive will

apply to multistage axial turbomachinery components for both compression and expansion.

The fan was modeled as an annulus as shown in figure 5.8 where rinner represents the distance

from the rotational axis of the fan to the base of its blades (hub diameter) and router represents

the distance from the axis of rotation to the fan blade tip.

The mass of a single stage fan is given by the following:

mf an = rr2 ter Lpaggregate (5.25)
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Single Stage Compression
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Figure 5.8: Fan Simplified Side View

Where to find L we need to have an estimate of blade size and the number of stages. We

first estimate the number of stages. For the fan we assume a single stage since this is the

most common configuration from historical data [8] in civil applications. For multi-stage

turbomachines, focusing on axial compressors and turbines assuming an average stagnation

pressure ratio for all the stages PRtage which is related to the overall turbomachine pressure

ratio PR by the following:

PR = (PRstage)nsla9es (5.26)

We find:

nstages - l(PR) (5.27)
ln(PRstage)

We now estimate the length of turbomachinery components based on the number of stages.

In order to do this we define AR as the aspect ratio of blades and the hub to tip ratio of
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blades w in terms of inner and outer radii of components rinner, router and blade chord:

w = rinn'r = rinner = wrouter (5.28)
router

AR = (router - rinner) - r router(1 - w) (529)
chord chord - AR

Where from basic geometry for a circular annulus:

7r(r2ter - rne,) A (5.30)

Substituting and simplifying:

A
7ruter(1 - w 2) = A > router = W 2 ) (5.31)

Assuming that each stage of turbomachinery consists of a rotor and stator:

L = 2 nstagesChord = 2 nstages Aouter(1 - W) cos# (5.32)
AR

Where # represents the angle of the blade relative to the axis of rotation of the turbomachine.

Note that the factor of two comes from the assumption that each stage has a rotor and stator

of approximately equal size. Substituting and simplifying (assuming cos# ~ 1):

ln(PR) 1 -w A
L = 2 (5.33)

ln(PRtage) AR IF(1 -w 2 )

Substituting back into the mass equations from before:

= '2 router1 (1 - w)
mf an = 21U~outer stages AR Paggregate (5.34)
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Where:

_ n(PR) A V il7 I -_ 2V0
nstages- ln(PRstage) router = A = mh 1 + M1 I2

inPsae 1-w 2 ) g PoM 2 /

(5.35)

In order to solve these equations one has to make assumptions on M, w and AR and Paggregate.

These assumptions are given in the appendix and are based on typical values from [8] and

[36].

Gearbox The gearbox is modeled as a shaft power transferring device with finite efficiency.

The gearbox had shaft power and oil interfaces.

Conservation of Energy

The power required to drive the gearbox is directly related to its efficiency ?lgearbox and the

power demand on the output of gearbox Poweront. It is also assumed that all the heat

generated in the gearbox Q is transferred to the oil flow through it rho.

Poweri = Powerout + Q = TigearboxPOWerin + Q (5.36)

Q = oi(Tilu - Lai.~1 ) (5.37)

Estimation of Mass

The estimation of the mass of the gearbox was conducted based on its power to weight ratio

from [88] which gave a range of values for geared turbofans in the 30,0001b thrust class. A

nominal value of 100 hp/pound was assumed based on the range of values given in [88].
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Converting to SI units which gives:

mgearbox = (Power To Weight)Poweri, = 100 -0.7457/0.453Powerin ~ 164000W/kg (5.38)

Compressor In this analysis the term compressor was used to represent any existing

combination of low, medium and high pressure compressors from [16] (see figure 5.9 for com-

pressor maps). Put differently, the compressor component represents a compression system

rather than individual compressors. The governing equations of the compressor component

are identical to that of the fan. The primary difference is that compressor maps typically

have higher pressure ratios as shown in the figure below [16]. Isentropic efficiency was fixed

using an optimistic bound based on typical values from [16]. To generate the convex hulls

for the compressor inputs of temperature, pressure, corrected speed and corrected mass flow

were varied resulting in a shaft power convex hull represented by minimum and maximum

shaft power required by the fan and four-D polytopes representing possible temperature,

pressure, Mach number and mass flow inputs and outputs. Mass flow was normalized. The

convex hull of the compressor system was then manually created based on the corner points

for temperature, pressure, mass flow and Mach number range generated from detailed sim-

ulation.

Stagnation Pressure (Adiabatic Process)

Po' = PRp0rn (5.39)

Stagnation Temperature (Adiabatic Process)

= To - (PR)
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TOOtsnrpc-T

Yis o"tiypic To -To (5.41)

We include the polytopic efficiency formulation for completeness.

To00u = Tin (PR) '?polytropicy (5.42)

Where

7)isentropic - PR -1 (5.43)
1 - PR7polytropic]

Conservation of Energy

The shaft power required to drive the compressor is given by the following.

Poweri, = cp (To00, - To in) ni (5.44)

Conservation of Mass

We enforce conservation of mass by stipulating that the mass flow rate into the component

must equal the flow rate out.

rngasout = Thgasin (5.45)

Estimation of Mass

The mass of the compressor was estimated in a similar manner to that of the fan. The

primary difference was that the compressor system was treated as a truncated conical annulus

as shown in figure 5.10. Given this geometry, the mass of the compressor system can be
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Figure 5.9: Low (a), Intermediate (b), High (c) Pressure Compressor Maps [16]

estimated via the relationship below:

12mcopreso = ?Toruteri +ottteri roter2 + r~tr LPaggregate f

Where:

nstages = ln(PR)
ln(PRtage)

A
router =

Fr(1 - w2)
A = r7 7(1 +

Vy7 P M 2

(5.47)

To solve these equations one has to make assumptions for M, w and AR, f (representing
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Figure 5.10: Compressor Simplified Side View

a multiplier on the volume to represent blade separation and ducting between components)

and Paggregate . These assumptions are given in the appendix and are based on typical values

from [8].

Burner The primary function of a burner as it is modeled here, is to provide heat addition

at constant pressure, as is the case for the Brayton cycle [36]. In this case the burner was

assumed to have a finite stagnation pressure loss PR.

Stagnation Pressure

poout = PRburnerPOin (5.48)

Conservation of Energy

We make the simplifying assumption that all of chemical energy released by combustion of

MIT P9 - - 1 - . .......
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fuel is transferred to the gas flow through the burner.

nf uel = mgasincp (Toin - T00 t) (549)
Cfuel

Conservation of Mass

We enforce conservation of mass by stipulating that the mass flow rate into the component

must equal the flow rate out.

mgasut = mgasin (5.50)

Estimation of Mass

The burner mass was estimated in a similar manner to the fan. In this case, however, the

burner was approximated as a cylinder with outer diameter equal to the exit of compressor

and a length equal to its diameter based on engine diagrams from [8]. The aggregate density

used in estimating burner mass is given in the appendix and was selected along with all the

other aggregate densities, based on data from [8].

mburner = 7 r terPaggregate
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Touter1 __ outer
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L
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Figure 5.11: Burner Simplified Side View

Turbines The primary function of the turbine is to convert thermal energy of the working

fluid into shaft power. The turbine was modeled in a similar manner to the compressor and

fan in that turbine maps from [16] (see figure 5.12) were used to determine convex hulls

of shaft power and gas flow interfaces. As with the compressor, the turbine component

represents a turbine system (any combination of low pressure, medium and high pressure

turbines). We include both the polytropic efficiency and isentropic efficiency formulation of

turbine equations for completeness but use isentropic efficiency.

Stagnation Pressure (Adiabatic Process)

P POin
POtt PR (.2(5.52)
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Stagnation Temperature (Adiabatic Process)

TOOUtisentrop - To

riisertroic =- Tin

Tout = Tin Pamb '
T = POjR

To00Ut TOinlPR- 17o-Yrp~~
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(5.53)

(5.54)

(5.55)

Conservation of Energy

The shaft power required to drive the turbine is given by the following.

Power'ut = rhgascp(Toin - To00,) (5.56)

Conservation of Mass

We enforce conservation of mass by stipulating that the mass flow rate into the component

must equal the flow rate out.

mhgasout = rhgasin (5.57)

Estimation of Mass

As was the case with the compressor the turbine was treated as a truncated conical annulus

as show in figure 5.13. Using the the same approach as that used for the compressor, the

turbine mass is given by the following:
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Figure 5.12: Low (a), Intermediate (b), High (c) Pressure Turbine Maps [16]

Where:

In(PR) A . (1 +i M2 2(1nftages = router = A= r(1 + Ms n(PRstage) w(1 - w2) v5 P0 M 2

(5.59)

In order to solve these equations one has to make assumptions on M, w and AR, f (rep-

resenting a multiplier on the volume to represent blade separation and ducting between
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mturbne = 3 7r(r uter2 + router1router2 + routeri)Lpaggregatef (5.58)
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Figure 5.13: Turbine Simplified Side View

components) and Paggregate . These assumptions are given in the appendix and are based on

typical values from [8].

Core Nozzle The primary function of a nozzle is to expand the flow to produce thrust.

We assume that the nozzle expands the flow to local atmospheric pressure. The governing

equations of the core nozzle are given by the following from basic thermodynamic relations

[36].

Temperature (Isentropic Expansion)

Tout = TOi (PR) (5.60)

Pressure (Isentropic Expansion)

(5.61)Pout = Pamb
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Conservation of Energy

Ue = Vf2cp(Ti -Tat) (5.62)

Conservation of Mass

rngasout Pout ueA
RTou (5.63)

Thgasin rngasout

Conservation of Momentum (Thrust )

Thrust = ngasout (Ue - Uflight) (5.64)

Estimation of Mass

The core nozzle was assumed to have a small mass compared to other major components

within the engine and was neglected.

Bypass Nozzle The bypass nozzle was modeled in a similar manner to the core nozzle.

The primary difference between the two was that the permissible temperatures/pressures

(convex hulls) of the bypass nozzle were lower than that of the core nozzle component.

Estimation of Mass

The bypass nozzle was modeled as a hollow cylinder. In this case the section of the nacelle

which contained mass flow was the central one, as shown in the figure below. We assume

based on previous designs from [8] that the length of the nacelle is approximately equal to

the diameter of the fan.

We estimate the mass of the bypass nozzle based on an aggregate density Paggregate and the

volume of the part of the bypass nozzle which contains material (e.g. ignoring the empty
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Touter

rinner

L

BypassNozzle

Figure 5.14: Simplified Bypass Nozzle Side View

central section). Using the same rationale as was used for the intake,

mintake inner ( -2 - Paggregate

In order to solve these equations one has to make assumptions on w and Paggregate. These

assumptions are given in the appendix and are based on typical values from [8] and [36].

Air-Oil Heat Exchanger (AOHEX) The primary function of the air-oil heat exchanger

is to reduce the temperature of oil by transferring energy from the oil to the air flowing

through it. The air-oil heat exchanger was modeled as a general countercurrent heat ex-

changer in which the cooled fluid and the cooling fluid are traveling in opposite directions.

We examine two different modeling approaches to generate heat exchanger governing equa-

tions. The first approach describes heat transfer from first principles whereas the second

is a more heuristic approach that allows quick computation of heat exchanger capacity for

(5.65)

00001ijir - -

I
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different configurations of heat exchangers. We first discuss heat exchange computation from

first principles using the log mean temperature difference (LMTD) [18].

In this approach the heat transfer per unit length 4 between two fluids in concentric pipes

is given by the following where TA and TB describe fluid bulk temperature whereas T and

T2 represent wall temperatures as shown in figure 5.15. The k term represents the ther-

mal conductivity of the heat exchanger wall material and hi/h2 represent the heat transfer

coefficients between the walls and the fluid.

27rk(TA - TB)
_ k = a'(5.66)

We define an overall heat transfer coefficient ho such that:

4 = 27rr2 ho(TA - TB) (5.67)

r2 + r2 ( r (5.68)
ho rihi k (r, h2

Figure 5.15: Heat transfer between two fluids in concentric pipes. Adapted from [18]
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Having defined an overall heat transfer coefficient we now examine the counter flow heat

exchanger shown in figure 5.16 where Tai > Ta2 and Tbi < T2.

Conservation of Energy Globally

J1L1
?bZ 4

I I

1I

Figure 5.16: Counter flow heat exchanger. Adapted from [18]

Applying conservation of energy to the entire system:

Q = rhaCpa(Tai - Ta2 ) = ?ibcpb(Tb2 - Tbl)

Therefore:

Ta - Ta2,
Macpa

Conservation of Energy Locally

Applying conservation of energy locally:

. = Tb2 - Tbl
maCpa

- rnacpadTa = -hbcpbdTb = qdA = 47rDdx

Integrating from x = 0 to x = L and simplifying:

Ta2 - Tbl _ -a

Ta1 - Tb2

(5.70)

(5.71)

(5.72)

ru

(5.69)
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Where:

a = h0A . - . )(5.73)
(macPa hbCPb)

Substituting back into the equation from system level conservation of energy we find the

output temperatures given input temperatures:

Tb2 = faCPa Tai - Tbi) + Tb (5.74)
mbcpb

Ta2 = Tai(1 - 7) + 7Tbi (5.75)

7 = 1 (5.76)
1- aCPe-a

mbCPb

Note that a = f(ho, A, ... ), and q = f(a, ... ). Given input temperatures, fluid properties and

oil mass flow the output temperatures will depend on the mass flow of the cooling fluid rha,

the overall heat exchange coefficient ho and the heat transfer area A. All else being equal,

therefore, we can reduce the temperature of the hot fluid by increasing flow of the cooling

fluid (for example by diverting more mass flow from a fan through the heat exchanger), or

increase the heat exchange area A.

We now provide a highly simplified calculation of the stagnation pressure loss in the heat

exchanger which is related to the wetted area of the heat exchanger. We do this by integrating

skin friction experienced by the heat exchanger to compute a drag force on it and using the

drag force to compute a stagnation pressure loss. Conceptually this represents a situation in

which there are parallel cylinders with oil flowing through them situated such that the flow

direction is parallel to their axis of rotational symmetry. Skin friction coefficient for a flat

plate is given by the following for the turbulent case.

0.455
Cf = 0.4 (5.77)

(1ogioRe)2.5s (1 + 0.144M2)0-65
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In all instances we place the heat exchanger inlet is downstream of the fan. Assuming a

nominal length of 0.5 meters for the heat exchanger (based on sizing for 30,0001b thrust

class engine), a Mach number of 0.3 and see level standard day conditions we find that the

Reynolds number is the following:

pVl 1.225. f7RTM -0.5
Re = - = ~ 106 (5.78)

[ 1.81-10-

Which generates a skin friction coefficient Curbule t ', 0.0034. The drag then can be esti-

mated by integrating the skin friction coefficient on the heat exchange area giving:

1
Drag = PM2M RTCfturb,,n As (5.79)

From conservation of momentum, assuming that the heat exchanger cross sectional area

approximately equals the exit nozzle area of the heat exchanger AAOHEXNZZIe we find that

the stagnation pressure loss across the heat exchanger is.

APo = D/AAOHEXNzle (5.80)

We now examine the Effectiveness-NTU Method. The advantage of this approach is that

there is a wide literature that allows different heat exchanger configurations to be examined

through simple changes in coefficients [89]. The Effectiveness-NTU method defines a heat

exchanger effectiveness E given by:

Q Actual heat transfer rate

Qmax Maximum possible heat transfer rate
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Actual heat transfer rate is given by the following from conservation of energy:

Q =ffacPa(Taout - Ta.n) = rhbCp(Tbin - Tb0 ut) (5.82)

ATmax = Tbn - Ta (5.83)

Qrmax = min[hacpa, rbCpb](Tbin - Tam) (5.84)

For a counterflow heat exchanger the heat exchanger effectiveness is given by the following:

1 - eNTU(1-c)

6 = 1 - ce[-NTU(1-c)] (5.85)

Where

NTU= UA8  (5.86)
(mcp)min

and

C = (rhCP)min (5.87)
(rhcp)max

We assume that the heat exchanger has an effectiveness of 50 % which is typically the case

for weight constrained applications. This gives us the following relationship for heat transfer:

Q = -Qmax (5.88)

Taout = + Tain (5.89)
Cpama

Tbou, = T - (5.90)

We fix the temperature out Tbo0 u based on the required temperature reduction by the heat

exchanger. We also assume that we know 74b (flow rate of fluid which we are cooling) and

the overall heat transfer coefficient U. Rearranging the heat transfer effectiveness equation:
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E - Ece[-NTU(1-c)] _ 1 - [-NTU(1-c)]

Ece[-NTU(1-c)] __ [-NTU(1-c)] - E - 1

(5.91)

(5.92)

e-NTU(1-c)] - - - 1
a--

NTU = 1
C-1 (ce-1J

UAs I E -1

(rhcp)mi,, c - I (cE - 1)

(5.93)

(5.94)

(5.95)

Finally we determine heat exchanger area based on thermal mass flows and the assumed

heat exchanger effectiveness. Note that we know the mass flow of the hot fluid and find the

mass flow of the cold fluid from conservation of energy. We then substitute into the equation

below to find the area.

(5.96)

(5.97)

Drag = 2M ln A
U(C - 1) (ce - 1)

Drag = pMW2Cftrb1, -RT A,

From conservation of momentum, assuming that the heat exchanger cross sectional area

approximately equals the exit nozzle area of the heat exchanger AAOHEXNozzre we find that

147



CHAPTER 5. AIR BREATHING PROPULSION CASE STUDY

the stagnation pressure loss across the heat exchanger is:

APO = D /AAOHEXcross-Section, (5.98)

where the area of the nozzle is determined based on the required mass flow.

Estimation of Mass

The estimation of mass of all cooling components was based on previous work on hybrid

electric propulsion (STARC-ABL Turboelectric BLI Aircraft Concept) [90]. In that system

the ratio of cooling capacity to mass was 0.68KW/kg. For reference, assuming a 99.5%

efficiency gearbox and the nominal case of 30,000hp being passed through the gearbox (22371

KW) which translates into a heat load of approximately 111 KW and a cooling system mass

of approximately 164kg [88]. Thus we estimate heat exchanger size as:

mheat exchanger Cooling Per Kg (5.99)

Oil Pump The primary function of the oil pump system is to maintain oil flow through

the cooling and lubrication system. For this analysis the oil pump was treated as an oil flow

source which provided fixed mass flow to the cooling system. The oil pump was assumed not

to change the temperature of the oil flowing through it. The mass of the oil pump was taken

into account implicitly through the cooling/mass ratio of the cooling system as a whole (part

of heat exchanger estimate).

Gearbox The primary function of a gearbox is to transmit shaft power while changing

angular velocity and torque. We build a highly simplified gearbox model which describes it

as a device that accomplishes its function with finite losses described by an efficiency l.

I I PIR11 I M l - I
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Conservation of Energy

From conservation of energy and the steady state assumption the shaft power in is related

to the shaft power out via the following:

Shaft Powerot = 7Shaft Powerin (5.100)

Note that from conservation of energy this will generate a finite amount of heat given by:

Q = (1 - r7)Shaft Poweri, (5.101)

This heat needs to be rejected in some fashion. We therefore include oil interfaces on the

gearbox which facilitate heat rejection to the cooling and lubrication system. We now apply

conservation of energy to the oil flowing through the gearbox.

rhoi(Toi. - Toili") = Q (5.102)

Estimation of Mass

We estimate the mass of the gearbox based on a range of power to weight ratios of planetary

gearboxes for geared turbofan engines from the literature [88].

Electric Motor The primary function of an electrical motor is to convert electrical power

into shaft power. In this case we build a simplified electrical motor model which describes

it as a device which accomplishes its function with losses described by an efficiency 7.

Shaft Powerne = rjElectrical Powerin (5.103)

Note that from conservation of energy this will generate a finite amount of heat given by:
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Q = (1 - r)Shaft Poweri, (5.104)

This heat will have to be rejected from the system to maintain steady state operation. One

way of doing this would be to integrate cooling fins into the casing of the electrical motor

(e.g. having an integrated heat sink). We model the heat sink as a collection of fins like the

one shown in figures 5.17 and 5.18 based on the description in [91].

Electric Motor/Generator

Cooling Fins

0 
0 

Fin Nozzle

Bypass Nozzle

Figure 5.17: Electric Motor/Generator with Cooling Fins in Bypass Nozzle

We make the simplifying assumption that the temperature is only a function of x and not a

function of y which is the case when the Biot number hAcrosssection < 1.kPerimeter

Conservation of Energy

We can now apply conservation of energy for an infinitesimal slice of the fin dx where

Across-sectin is the cross-section of the fin normal to the x axis. A control volume view of
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rTO(wall) L

^ t

x =0 W

(wall) x = L
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u00 TOO

Figure 5.18: Cooling Fin

this situation is given in figure 5.19.

dxi,-d x
dx~

I *

I ----- --------------.1

x 'I

4 out

x+dx

Figure 5.19: Control Volume for In
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Applying conservation of energy to the control volume of length dx we find the following

expression which relates heat transfer to the fluid Perimeterh(T - T,)dx to the net heat

flux out of the control volume A!dx.

(5.105)Across-secion d + Ph(T - To) =0
dx

Which is equivalent to:

d2T Perimeterh - T
dX 2 (T - T) - Acrosssec (T ) = 0 (5.106)

Which is a second order ODE to which we must apply to boundary conditions. The first is

that the temperature of the fin at the wall equals that of the wall:

(5.107)

The second boundary condition is that heat transfer at the tip of the fin is small.

d
d(T - T)x=L = 0

dx
(5.108)

Integrating along the fin we find an expression of the overall heat transfer from the fin.

Q = tanh(mL) IkAcross...sectionPerimeter(To - T ) (5.109)

Where:
hPerimeter

k Acosssecton
(5.110)

Me M-7TV-2,7M P Tr-jrq ""M-
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Substituting back into the heat flow equation:

(hPerimeter
Q tanh y Acrosssedio L) Ifk Across-sectionPerimeter (To - Too) (5.111)

Assuming n independent fins and a thickness t and width w.

h(2t +2w) '=n - tanh ( ktw L) ktw(2t+ 2w)(To - T.) (5.112)
(V ktw

Thus if we know fin geometry, heat transfer coefficient, free stream flow temperature target

wall temperature we can determine the number of fins n and therefore the area A,. The

heat transfer coefficient h can be estimated using the Reynolds analogy as follows,

h ~ Cf (5.113)

Where the skin friction coefficient is given by the following for a turbulent boundary layer:

0.455
= (logioRe)2.58 (1 + 0.144M2)0. 65

Drag = pM2Curbulent yRTAS (5.115)

From conservation of momentum, assuming the heat exchanger cross sectional area equals

the exit nozzle area of the heat exchanger AMOtOrNZZLe, the stagnation pressure loss across

the heat exchanger is:

APo = DIAMotorNozzle (5.116)

Electrical motors can also be cooled via oil flow in a similar fashion to gearboxes. We elect
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to treat cooling of gearboxes, electrical motors and electrical generators in the same manner

(e.g. oil cooling with air-oil heat exchangers) for this analysis.

Estimation of Mass

The estimation of mass of electric motors was based on previous work on hybrid electric

propulsion [90]. In that system the ratio of motor power to mass was (8hp/pound). In SI

units this is 13.2KW/kg. For reference, assuming a nominal case of 30,000hp being passed

through the motor (which would be the case for a 30,0001b thrust class engine) we find that

the electric motor would have a mass of 37501b.

Electric Generator The primary function of an electrical generator is to convert shaft

power into electrical power. It accomplishes its function with losses described by an efficiency

77.

Conservation of Energy

The conservation of energy relations for the electric generator are similar to that of the

gearbox and electrical motor:

Electrical Poweret = TIShaft Powerin (5.117)

Q = (1 - q)Shaft Powerin (5.118)

As was the case with the gearbox, we assume oil cooling (refer to gearbox governing equa-

tions).

Estimation of Mass

The mass of the electrical generator was also calculated based on previous work on hybrid

electric propulsion [90]. We assume that the electrical generator has an integrated inverter
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making the power to weight ratio of the system approximately 4.5hp/lb (7.407KW/kg).

Additional Components (Future Work) In order to be able to model transient oper-

ations of a larger set of solar-hybrid-electric propulsion systems we will need to add com-

ponents which enable energy storage and harvesting without the use of fossil fuels. The

following are some examples of such components: electrical batteries (e.g. Li-Ion), solar

photovoltaics, hydrogen fuel cells etc.

5.2.2 Abstraction Level Two: Reconfigurable Engine Model Mod-

elica

Having established the underlying mathematics of models at the deepest level of abstraction

we now briefly describe the Modelica models that were used for simulation at abstraction

level two. The primary difference from the previous section's description is that none of the

turbomachinery components in Modelica were modeled using maps from [16].

Interfaces Each interface in Modelica defines the variables that describe flows to or from

that interface (see figure 5.20). For example the fuel flow interface shown in figure 5.20a is

described by mass flow rate and temperature. Mass flow rate is defined as a flow variable,

which indicates to the solver that conservation of mass must apply to that variable. The

thrust interface shown in figure 5.20b is treated as a translational mechanical interface,

meaning that it is described by force (also a flow variable) and displacement. The gas

interface is described by temperature, pressure and mass flow (a flow variable) as shown in

figure 5.20c. The oil interface shown in figure 5.20d is treated in the same manner as the

fuel interface. Finally the shaft power and electrical interfaces are depicted in figures 5.20 e

and 5.20f.
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These six interfaces were used to define all possible connections between components/subsystems

at modeling levels 1 and 2.

fuel in fuel out
.... .... U...

thrustin thrust_out

(a) Fuel Interfaces (b) Thrust Interfaces

gas in ga SOL t oil_in oil_out

(c) Gas Interfaces (d) Oil Interfaces

shaft_power in shaft powerout electricpower-in electricpower_out

(e) Shaft Power Interfaces (f) Electrical Power Interfaces

Figure 5.20: Fuel, thrust, gas, oil, shaft power and electrical power interface Modelica models.

Atmosphere Source Requirement We first define components that represent connec-

tions to the aircraft and environment. These were treated as requirements in the methodology

section. The first component that we describe is the atmospheric source component which

provides flow to components connecting to the atmosphere and whose gas interfaces face up-

stream. The equations of the atmospheric source component are based on the International

Standard Atmosphere and are given below.

-y -1 m2To0 m = (Tref + Tgradient Altitude) (i + 2 M) Altitude <= ll000meter s (5.119)
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T0t = 216.7 1 + 2 M2 ) Altitude > 11000meters

A diagram of the Modelica atmospheric source requirement component

which depicts its interfaces.

Atm SourceRequ!rement

........ .......f...f......i...K........_ ..

is given in figure 5.21

ga$sout

Figure 5.21: Level 2 Atmospheric Source Requirement

Atmosphere Sink Requirement The atmospheric sink component is used to provide a

static pressure boundary condition for gas interfaces connecting to the atmosphere which

discharge flow in downstream. The governing equations of the atmospheric sink component

are based on the International Standard Atmosphere.

Altude

P = Prefe f (5.122)

A diagram of the Modelica atmospheric sink requirement component is given in figure 5.22

which depicts its interfaces.

Po = Pref e- 1 + 2 M2)

(5.120)

(5.121)
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AtmSinkRequirement
gas.in

Figure 5.22: Level 2 Atmospheric Sink Requirement

Fuel Requirement The fuel requirement component was treated as a source of fuel which

provided as much fuel as the engine demanded at a fixed temperature. A diagram of the

Modelica fuel requirement component is given in figure 5.23 which depicts its interfaces.

Fue Requirement
fuel out

Figure 5.23: Level 2 Fuel Requirement

Thrust Requirement The thrust requirement component was treated as a sink of thrust

which consumed thrust from all thrust providing components in a given engine architecture.
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A diagram of the Modelica thrust requirement component is given in figure 5.24 which depicts

its interfaces.

ThrustRequirement

th ust in

Figure 5.24: Level 2 Thrust Requirement

Fan The Modelica model for generic fan component described in the previous section for

completeness in figure 5.25. The primary differences of the level two fan description from

the one described in the level three, is that fan pressure ratio, isentropic efficiency and mass

flow was calculated for a single operating point rather than being outputted by a fan map

from [16]. Shaft power was treated as an energy flow rather than being decomposed into

torque and angular velocity.
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gas n 0gas-out

shaft_.ower_ n

Figure 5.25: Level 2 Fan

Compressor We provide a diagram of the Modelica model for generic compressor compo-

nent described in the previous section for completeness in figure 5.26. The primary difference

of the level 2 compressor component from the one described in the level 3 description, is that

compressor pressure ratio, isentropic efficiency and mass flow was calculated for a single

operating point rather than being outputted by a compressor map from [16]. In addition

only shaft power was treated as an energy flow rather than being decomposed into torque

and angular velocity.

gas in 0gas-out

shaft powerIn

Figure 5.26: Level 2 Compressor
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Burner For completeness, we provide a diagram of the Modelica model for generic com-

pressor component described in the previous section for completeness in figure 5.27. The

underlying mathematics for the burner component as it was modeled in Modelica are iden-

tical to those described in level 3.

98S ~ ~ u inga..

Figure 5.27: Level 2 Burner

Turbine We provide a diagram of the Modelica model for generic turbine component

described in the previous section for completeness in figure 5.28. The primary differences of

the level two turbine description from the one described in the level three, is that turbine

pressure ratio, isentropic efficiency and mass flow was calculated for a single operating point

rather than being outputted by a turbine map from [16]. Shaft power was treated as an

energy flow rather than decomposed into torque and angular velocity.
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gasjn
Turbine

Figure 5.28: Level 2 Turbine

Core Nozzle We provide a diagram of the Modelica model for generic core nozzle com-

ponent described in the previous section for completeness in figure 5.29. The description of

the core nozzle component is identical to that at level three.

Cor
gasin

thrustiout

eNozzle
gasjout

Figure 5.29: Level 2 Core Nozzle

Bypass Nozzle We provide a diagram of the Modelica model for generic bypass nozzle

component described in the previous section for completeness in figure 5.30. The underlying

mathematics for the bypass nozzle component as it was modeled in Modelica are identical

to those described in level three.

M
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ga

thrustout

Byp ssNozie
s_in gas-out

Figure 5.30: Level 2 Bypass Nozzle

Oil Pump We provide a diagram of the Modelica model for generic oil pump component

described in the previous section for completeness in figure 5.31. The underlying mathematics

for the oil pump component as it was modeled in Modelica are identical to those described

in level three.

oildin
.. .. .. .

.............

... ....... ........... ..... ...........

.................... .........................

.........................- ..............

........... PU
................................ oULout

Figure 5.31: Level 2 Oil Pump

Air-Oil Heat Exchanger The air-oil heat exchanger was modeled in Modelica using the

underlying governing equations described in level three. The Modelica model of the air-oil

heat exchanger is shown graphically in figures 5.32 and 5.33. The primary addition here
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is that the air-oil heat exchanger system has a air-oil heat exchanger nozzle with which it

interfaces with the atmosphere as shown in figure 5.33. Note that the air-oil heat exchanger

nozzle was modeled in an identical way to the bypass nozzle (though the areas of the two

nozzles are different). Note that the thrust interface in figure 5.32 transfers the thrust from

the air-oil heat exchanger nozzle to the airframe.

~..........

AOH

F .L 2l n H Eh rt Lo

Figure 5.32: Level 2 Air-Oil Heat Exchanger Internal Block Diagram

Figure 5.33: Level 2 Air-Oil Heat Exchanger
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Gearbox The governing equations of the gearbox model in Modelica at level two are the

same as those described in the previous section. The Modelica model of the gearbox is

graphically depicted in figure 5.34.

shl nlGearbox
shaft-oirlin

oil in
shaft-power-out

oil out

Figure 5.34: Level 2 Gearbox

Electrical Generator The governing equations of the electrical generator model in Mod-

elica at level two are the same as those described in the previous section. The Modelica

model of the electrical generator is graphically depicted in figure 5.35.

E

shaftiguwre.n

Figure 5.35:

............ ..

.......... ............

I .............

lectn'"enerator.

..... ....................... .... ............ .

Level 2 Electric Generator
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Electric Motor The governing equations of the electrical motor model in Modelica at

level two are the same as those described in the previous section. The Modelica model of

the electrical motor is graphically depicted in figure 5.36.

IEleCtric_Motor

Figure 5.36: Level 2 Electric Generator

5.2.3 Abstraction Level One: Reconfigurable Engine Model

We now discuss the top-most level of abstraction (level one). For brevity we exclude the

requirements components which are the same regardless of level of abstraction. All compo-

nents at level one are represented by assemblies of components at level two. In some cases

the representation of components at level one is the same as level two, however, in general

level one components consist of ensembles of components at level two.

Shaft Power Stagnation Pressure Increasing The first component described at level

one is a generic stagnation pressure increasing component. The component is composed of

only the fan component described in level two and is depicted in figures 5.37 and 5.38.
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I&C

Figure 5.37: Level 1 Shaft Power Stagnation Pressure Increasing Internal Block Diagram

Figure 5.38: Level 1 Shaft Power Stagnation Pressure Increasing

Brayton Shaft Power Providing The Brayton shaft power providing component rep-

resents the Brayton thermodynamic cycle. The component is composed of the compressor,

turbine and burner components described in level two and is graphically depicted in figures

5.39 and 5.40.
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Figure 5.39: Level 1 Brayton Shaft Power Providing Increasing Internal Block Diagram

Sfel -in.

"p, ~at~w P- WIint ............

shaftpowe.out

Figure 5.40: Level 1 Brayton Shaft Power Providing Increasing

Cold Flow Expanding The primary function of the cold flow expanding component is

to expand the flow to ambient conditions (trade potential energy for kinetic energy) and

thereby produce thrust. The cold flow expanding component was modeled with only the

bypass nozzle component at level two as shown in figures 5.41 and 5.42.

I I
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thrust out

ggasain out

Figure 5.41: Level 1 Cold Flow Expanding

5.44.

-in

5.44.
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t

gas i

hrust-out

Hot4W pan in:

n gasout

.. ...............

Figure 5.43: Level 1 Hot Flow Expanding

Figure 5. 44 Level 1 Hot Flow Expanding Internal Block Diagram

Mechanical Shaft Power Transferring with Air/Oil Cooling The mechanical shaft

power transferring component at level one was created via an ensemble of the gearbox and

cooling system components in level two and is depicted in figures 5.45 and 5.46.
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shaftpowsr Jn

.. .... .... .. ....... .. .... ....

shaft-power-out

gas out gas....in

Figure 5.45: Level 1 Mechanical Shaft Power Transferring with Air Cooling

0- HEX on-i

............. ........

Figure 5.46: Level 1 Mechanical Shaft Power Transferring with Air/Oil Cooling Internal

Block Diagram

Electrical Shaft Power Tfransferring with Air/Oil Cooling The electrical shaft

power transferring component at level one was treated in a similar manner to the mechani-

cal shaft power transferring component. The electrical shaft power transferring component

is represented by a motor and generator along with their supporting cooling systems as

depicted in figures 5.47 and 5.48.
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r

shaft-power-i n sapowr

gas-out gasin

Figure 5.47: Level 1 Electrical Shaft Power Transferring

H EX

U~u~tu

Figure 5.48: Level 1 Electrical Shaft Power Transferring with Air/Oil Cooling Internal Block
Diagram

5.2.4 Model Validation

There were three primary requirements which were taken into consideration for the models

created in this work. The first requirement was that the models be simple enough to run

in novel configurations on a desktop machine with little or no intervention from the user.

The second was that the models predict performance (fuel consumption in this case), with

sufficient accuracy compared to test data of existing engines, so that broad categories of

architectures can be ranked correctly. To satisfy the first requirement, the level of fidelity
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chosen for the models was as "as simple as possible" but not any simpler. The models were

L1

C3
Q

D

0-flFWfs
~Ii

riveever''"''""Aircraft Thrust Interface

Aircraft Fuel Interface Atmosphere Sink

Atmosphere Source
Interface --

~J~" ~' m~t.d4in.wb.mm~.

Figure 5.49: Validation of level 2 model against GE90-85B. Agreement in fuel consumption
was approximately 10%.

validated against the GE90-85B engine from [8]. It was found that fuel consumption was

within approximately 10% of the measured value. Since we are considering major archi-

tectural changes in which changes in performance as well as complexity are significant this

was deemed adequate given previous changes in performance with architecture discussed in

the introduction. Figure 5.49 shows the GE90-85B model. Model parameters were assigned

values based on the dataset from [8].

Figure 5.50 depicts uninstalled thrust specific fuel consumption normalized relative to a

generic geared turbofan architecture for a number of generic engine architectures that will

be discussed in detail later. The geared turbofan in this case is limited to a bypass ratio of

'

r4i

I

M=6-0. *Mr.
1h: .. %
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12 (based on current designs [29]) and the direct drive turbofan is limited to 9 (based on

typical values from [8]). We see on the order of a factor of two improvement in uninstalled

fuel consumption when comparing turbojets to modern engines which is consistent with

the literature [8]. We also see on the order of 5-10 % improvement in thrust specific fuel

consumption relative to current high bypass ratio engines which is also consistent with [29].

Normalized Fuel Consumption vs. Complexity
Fan BPR<=12, Mach = 0.8, Alt = 11000, 17 = 0.92

2.6 Dcx uboe %PoulosEeti
5 -0% Propulsors Electric

- Tubojt e1-21 % Propulsors Electric
2.4- 21-41% Propulsors Electric

e 41-61 % Propulsors Electric
2.2 Turbofan e 61-81% Propulsors Electric

* 81-100% Propulsors Electric
0-- Pareto Frontier

-. 2 - 8Distributed Geared Turbofan

1 8 T | Geared Turbofan j
SAOHEX Oil Pump

1.6j
II.. g 8uBum"

1.4AOHEX3

Air-O l Heat Exchanger HE

1.2

1 14~/

0.8-

0.5 1 1.5 2
Complexity/ComplexityGTF

Figure 5.50: Normalized Thrust Specific Fuel Consumption vs. Normalized Complexity

Parameters in the the engine mass model were manually tuned using five relatively modern

turbofan engines from [8]. These were the Rolls-Royce Trent 1000, General Electric GE90-

85B, Engine Alliance GP7200, Pratt & Whitney PW4098 and Rolls-Royce Trent 875. The

percentage root-mean squared error of the engine mass model was 12.9%. The data is given

below:
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Engine Mass Estimate True Mass Percentage Error
Rolls-Royce Trent 1000 6680kg 5409kg 23.5%
General Electric GE90-85B 8881kg 7825kg 13.5%
Engine Alliance GP7200 6090kg 6085kg 0.1%
Pratt & Whitney PW4098 8243kg 7484kg 10.1%
Rolls-Royce Trent 875 5954kg 5942kg 0.2%

Table 5.2: Geometric and efficiency parameters based primarily on [8].

It is important to note, however, that engine mass is a function of detailed design and should

in general be investigated at the preliminary design phase. In this work, assumptions were

made on non-dimensional geometric parameters which allowed some inferences to be made

about some aspects of engine preliminary design. This enabled engine mass estimates that

were closely related to the underlying physics driving component volumes, stage count etc.

The reason that this approach was chosen, rather than employing linear regression on the

historical dataset from [8] is that it is more generalizable to radically new concepts.

5.3 Architecture Generation

We now examine generated engine architectures given a library of intakes, fans, core nozzles,

bypass nozzles, compressors, burners, turbines, gearboxes, electric motors, electric gener-

ators, heat exchangers and oil pumps. The scope of this analysis was limited to aircraft

engines in isolation. Thus values for thrust specific fuel consumption (fuel flow/thrust) were

computed for all architectures for engines in an uninstalled state. There are a number of

reasons for this limitation in scope. Perhaps the most important one is that with uncon-

ventional engine configurations aircraft configuration is likely to change and be co-optimized

with propulsion architecture in order to take advantage of boundary layer ingestion opportu-

nities along with other system integration benefits. Each unconventional engine architecture

will perform differently depending on the configuration of aircraft and its positioning on
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the aircraft. This work presents a baseline performance which can be used in future work

with novel aircraft configurations. Performance results can relatively easily be augmented by

changing inlet conditions, representing local flow conditions at different locations on the air-

craft. This work therefore provides a broad catalog of engine architectures that can be drawn

on during conceptual design of aircraft which no longer necessarily represent the traditional

tube and low-wing architecture [28].

This case study was conducted at two levels of abstraction. The primary purpose of the

first level of abstraction was to rapidly create a set of concepts for consideration and check

their feasibility through simulation. The second purpose of the analysis at level one was to

eliminate concepts from consideration due to excessive complexity or other factors based on

the subject matter expertise. The second layer of abstraction employed both heuristic and

gradient based engine optimization for minimum uninstalled fuel consumption. A detailed

examination of distributed and hybrid electric architectures was carried out at level two

including investigation of tradeoffs between fuel consumption and complexity as well as fuel

consumption and engine mass.

We first examine the feasibility of architectures at abstraction layer one. As was discussed

in the previous chapter, the first steps of the architecture generation process involve the

generation of the DS2M. The DS2M without convex hull constraints is given in figure 5.51.

The DS2M applying convex hull constraints (eliminating pairwise infeasible connections) is

given in figure 5.52.The number of possible connections is reduced by 87 % after applying

convex hull constraints.

Since the size of the design space is proportional to 2' where n represents the number of de-

sign decisions (e.g. the presence or absence of a component or connection) this exponentially

reduces the size of the search problem. The next step is to generate potential component
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combinations subject to additional rules and then search for feasible sets of connections be-

tween components. The maximum number of "BraytonShaftPowerProviding" components

(e.g. engine cores) was limited to one. The maximum number of "ShaftPowerStagnation-

PressureIncreasing" components (e.g. fans) was limited to seven for this analysis to bound

the size of the problem. In addition the maximum number of flows to each interface was in

general limited to one. Only those architectures where there were no unconnected interfaces

were deemed to be feasible. For example, if a "ShaftPowerStagnationPressurelncreasing"

component in an architecture did not have a source of shaft power, the architecture would

be deemed infeasible 2

2Note that there are multiple "AtmSinkRequirement" components in the DS2M. Each of these components
represents a downstream connection to the atmosphere. As such it imposes a pressure boundary condition
(AtmSinkRequirement pressure is equal to local atmospheric pressure). The reason for having a different
AtmSinkRequirement for each flow to the atmosphere is related to the way that Modelica treats situations
where multiple flows converge to a single interface. All flows in Modelica consist of "potential" variables (like
voltage, temperature or pressure) that must be the same at any continuously connected part of the network
and "flow" variables which obey Kirchoff's current law (conservation of mass). If two flows were connected to
the same AtmSinkRequirement block in Modelica, the underlying OpenModelica interpreter would set their
pressures as well as their temperatures to be the same. There is no physical reason for temperature from
disparate sources to be the same as it is ejected into the atmosphere. For this reason the pressure boundary
condition for each flow into the atmosphere was set with separate "AtmSinkRequirement" components.
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Figure 5.51: Abstraction Layer 1 Engine DS2M. Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 5.52: Abstraction Layer 1 Engine DS2M Filtered With Convex Hulls (87% reduction).
Gas connections: red, shaft power connections: blue, mechanical connections: black, fuel
connections: green, oil connections: cyan, electrical connections: magenta.
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A total of 127 architectures were generated. These included the well known turbojet, turbo-

fan and geared turbofan architectures which represent the majority of civil aircraft engines

in [8]. In addition, hybrid electric architectures in which power is transferred electrically

from the "BraytonShaftPowerProviding" component (e.g. engine core) to the "ShaftPow-

erStagnationPressurelncreasing" components (e.g. fan) were generated consisting of up to

seven fans situated in parallel. In order to carry out an additional feasibility check, a model

of each of these architectures was automatically synthesized and simulated in OpenModelica

as shown in figure 5.53. The primary objective of this step was to check via simulation that

the generated architectures were feasible (represented a set of simultaneous equations that

had a solution). Since the purpose of the analysis carried out at abstraction layer one served

to check potential feasibility of architectures and not to conduct detailed comparison of fuel

consumption, no optimization was carried out.
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Normalized Fuel Consumption vs. Complexity (Feasibility Check)
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Figure 5.53: Normalized Thrust Specific Fuel Consumption vs. Normalized Complexity.
Note that components were sized in a manner that made all architectures ranging from
turbojets to 7 fan distributed hybrid electric turbofans mathematically feasible.

To ensure that all potentially feasible architectures converged to a physical solution, pressure

ratios of "ShaftPowerStagnationPressurelncreasing" components (e.g. fans) were set to 1.05

(typical fan pressure ratios for turbofans are on the order of 1.5). This was done to ensure

both single fan architectures and highly distributed seven fan architectures could be powered

by the same "BraytonShaftPowerProviding" component. As can be seen from figure 5.53

all 127 architectures did indeed converge to physical solutions. It can also be seen that fuel

consumption is reduced with increasing number of fans due to propulsive efficiency benefits.

This is consistent with physical intuition and historical data. Figure 5.53 also shows an

increase in complexity with the number of fans in an architecture. The top left hand cluster

of architectures in figure 5.53 represents single fan architectures, whereas the bottom right
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hand corner represents seven fan distributed architectures. Having established the potential

feasibility of all of the generated architectures, we now move on to the second more detailed

abstraction layer. In view of the increased complexity associated with highly distributed

architectures consisting of 6 or more fans and available computational resources, we limit

the number of fans in the second stage of our analysis to five.

Figure 5.54 portrays the DS2M prior to applying convex hull constraints. The color con-

vention used for populating the DS2M is given within the description of each figure. The

primary reasons for not strictly adhering to the color convention described in the methodol-

ogy section is that the number of types of flows is greater than four and using a single color

for all mass flows would make distinguishing between oil, gas and fuel mass flows difficult.

The DS2M represents all possible components and connections given a library of compo-

nents. Every architecture that can exist in this problem formulation is composed of a subset

of the components and connections in the DS2M. Notice that the number of instances of

components in the DS2M is bounded. This was done to keep the problem tractable while

still allowing for a wide range of architectures to be generated. There can be up to 6 intakes,

up to 5 fans, up to 5 electric motors, up to one generator and a single instance of each of the

Brayton cycle core components (compressor, burner, turbine, core nozzle). The total number

of possible connections in the DS2M is 6016. Each one of these connections is treated as

a binary design variable (value of 0 representing a connection that does not exist and one

representing a connection that does). Thus the unconstrained space of possible connections

in the DS2M is 26016.

We now apply the convex hull constraints described in the methodology section. The number

of possible connections is reduced from 6016 to 680 meaning that the size of the search space

is reduced by a factor of 25336 as shown in figure 5.55. The reason that the number of

connections is larger than that depicted explicitly in the DS2M is that each component has
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multiple unique interfaces and therefore each entry in the DS2M can represent different pairs

of interfaces being connected between the same components. We then apply backtracking

search to find feasible component combinations subject to user defined rules. For each feasible

component combination we then apply backtracking search to find which set of connections

from the DS2M satisfies all constraints. Most constraints simply state the minimum and

maximum number of flows to and from each interface. For this problem the minimum

number of flows was always one for all interfaces, meaning that an architecture would only

be feasible if there were no interfaces with no connection to them (e.g. if an air-oil heat

heat exchanger is not receiving oil or air, or if the air/oil going into it is not leaving it). In

addition, the maximum number of connections was bounded at each interface. In general the

number of connections was limited to one, but in some cases,the fan being one example, it

was limited to five, to facilitate transfer of gas to heat exchangers. In addition, a constraint

stating that there could be no cooling oil flow loops without the presence of exactly one oil

pump were applied.
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Figure 5.54: Abstraction Layer 2: Engine DS2M. Gas connections: red, shaft power con-

nections: blue, mechanical connections: black, fuel connections: green, oil connections:

cyan, electrical connections: magenta.

I

11111011111101 1101101 1 11 1 1114 11111 11 fit of 1111kikilf

a a AL JAL A

11 M

I 1 4 a a 8 a

JL I i

I JL JL

0, 1 1 11 In 2 0 1 1 a 1 0 a @join ph

0 In le IN 0 0 1 a I a a a plain 0

a a oil 1 4

11I I 1 0 ix 5 a a I M

in 1 0 111 12,0,8.40 a a 9 9 10 01

I 1 1-1. - : a I a 11 ple

A JAL A A A a JL JL I Ju x In 1.1 1

a 0 a I I IL IL J. IL JL

A A A A X NIXIE a a 0 A I

a minim a a a JL I- JL JL
eis a a- - - - - - - - I JL JL

At

A A A A A
IN In 0 111

a 0 0 a a
A

In IN, In

184



5.3. ARCHITECTURE GENERATION

Figure 5.55: Abstraction Layer 2: Engine DS2M Filtered With Convex Hulls (88.7% re-

duction). Gas connections: red, shaft power connections: blue, mechanical connections:

black, fuel connections: green, oil connections: cyan, electrical connections: magenta.
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Normalized Fuel Consumption vs. Complexity
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Figure 5.56: Normalized Thrust Specific Fuel Consumption vs. Normalized Complexity

Figure 5.56 depicts performance-complexity tradespace for the resulting 71 aircraft engine

architectures from architecture exploration. Figure 5.70 depicts the same analysis relaxing

bypass ratio constraints for geared/electric fans to 24 representing future ultra-high bypass

ratio engines. All engine complexities and fuel consumptions are normalized to a geared

turbofan architecture. The chart was generated by optimizing each architecture for minimum

fuel consumption at Mach number 0.8 and an altitude of 11000 meters. In this case it was

assumed that the electrical efficiency of all motors and electrical generators was 90%. Oil

temperatures in all gearboxes, electrical motors and electrical generators were constrained

to 120 Celsius. Bypass ratio constraints for figure 5.56 reflect what is typically achieved for

geared/direct drive architectures [8, 29].It was assumed that geared/electrically driven fans

186



5.3. ARCHITECTURE GENERATION

could have a bypass ratio of up to 12 relative to the core mass flow. Direct drive fans were

limited to a bypass ratio of nine relative to the core. Figure 5.70 depicts the same analysis but

with a relaxed bypass ratio constraint for geared/electric fans (up to 24) representing future

ultra-high bypass ratio engines. Isentropic efficiencies were assumed to be 0.9 throughout the

turbomachinery (based on typical value from performance map data from [16]) and overall

pressure ratio of the engine was assumed to be 50 (based on typical values from [8]) in cases

where there was a fan stage in front of the core and 35 when there was not (assuming a

fan pressure ratio of approximately 1.4 based on [8] and removing it from the stagnation

pressure increasing process).

The design variables used in the optimization were pressure ratios and mass flows through all

propulsors (fans) as well as mass flows of air and oil through all heat exchangers. To reduce

the number of design variables the ratio of thermal mass flow (heat capacity multiplied by

mass flow) of air and oil was fixed for all heat heat exchangers.

Due to the variety of different architectures and the nonlinear nature of the thermodynam-

ics of the engine, selecting an initial guess for gradient based optimization that ensured

model/optimization convergence was non-trivial. Each architecture was then optimized via

genetic algorithm [92]. The design vector from the genetic algorithm was then used as an

initial guess for gradient-based optimization.

The results presented here represent a a sample of feasible architectures rather than the

entire feasible set. We have included one feasible set of connections for every set of feasible

components. Each feasible component combination can have more than one feasible set

of connections. Only one set of possible connections was found for each set of feasible

components since it provided a broad range of architectures (set of feasible architectures can

be generated, evaluated and optimized on a desktop computer within hours).
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In figure 5.56 going from left to right we see that major existing architectures have been

generated, starting from a turbojet in the top left hand corner (architecture 71), a tur-

bofan (architecture 70), a geared turbofan at the knee of the curve (architecture 68) and

a distributed geared turbofan similar to the one proposed for the Cambridge-MIT silent

aircraft initiative (architecture 50) [93]. These architectures are shown in detail via their

Design Structure Matrices and block diagrams in the figures 5.57, 5.58 (turbojet), 5.59, 5.60

(turbofan), 5.61,5.62 (geared turbofan), 5.63, 5.64 (distributed geared turbofan).

In addition to the existing and proposed architectures, we have generated and optimized

a broad range of other concepts, including distributed (more than one fan), distributed

turboelectric (fans driven by electrically) and distributed partially turboelectric (some fans

driven mechanically and some electrically) architectures. While individual points in this

space have been discussed in the literature, as a group, these architectures have not gained

much attention in the literature.

The color coding of each of the points in figure 5.56 represents the fraction of propulsors (fans)

which are driven electrically. Architectures shown in green represent engine configurations

in which 100% of fans are electrically driven, whereas those in black represent configurations

for which there is no electric component. Improvements in performance are achieved via

propulsive efficiency (greater mass flow and lower pressure ratio fans). The reason for the

banded structure is the fact that transfer losses in electrical components are much higher

than those in mechanical shaft power interfaces. Electrical transfer of power results in

approximately a 20% loss (1 - 0.92 if the motor and generator have an efficiency of 90%)

whereas mechanical transfer of power results in 0.5% loss when a gearbox is present. Thus

the greater the fraction of electrical fans the greater the losses in power transfer from the

turbine to the fans. The relationship between engine performance and transfer losses is

somewhat more complicated since transfer losses are removed from the system in the form
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of heat via heat exchangers which require air flow from the bypass streams and have finite

stagnation pressure losses themselves along with a finite thrust.

ThrustRequirement

FuelRequireen

3 r)

0 -0 'a) -0 -0 Burner 0 -0 - z -0

Figure 5.57: Generic Turbojet Architecture. Gas connections: red, shaft power connections:
blue, mechanical connections: black, fuel connections: green, oil connections: cyan, elec-
trical connections: magenta.
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Figure 5.58: Generic Turbojet Architecture DSM. Gas connections: red, shaft power con-
nections: blue, mechanical connections: black, fuel connections: green, oil connections:
cyan, electrical connections: magenta.

Figures 5.57, 5.58 depict a generic turbojet architecture. Due to the relatively small number

... 6-
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of components the requirements components are also shown here. The model is simplified

such that only the thrust requirement and nozzle components have mechanical interfaces.

For more complex engines we will from now on only depict the architectures themselves

without the requirements blocks. There is only one shaft power connection present (turbine

to compressor) and one gas path traveling from the intake through the core of the engine to

the core nozzle.

>Z 0

-n '
-+ - -+Burner -+ -

Figure 5.59: Generic Turbofan Architecture. Gas connections: red, shaft power connections:
blue, mechanical connections: black, fuel connections: green, oil connections: cyan, elec-
trical connections: magenta.

Figures 5.59, 5.60 depict a generic turbofan architecture. In this case there are two shaft

power connections present (turbine to compressor and turbine to fan). There are two gas

paths. One gas path is through the core (compressor, burner and turbine) of the engine and

another bypasses the core. The propulsive efficiency of a gas turbine engine is given by the

following:
T hrust -.
+rosive = T (5.123)

2 2 2

Where uo is the flight velocity 7he is the mass flow of air through the engine,'rf is the mass

flow of fuel through the engine and Ue is the exhaust velocity. The propulsive efficiency

conceptually represents the ratio of power to drive the aircraft and the rate of kinetic energy

0
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addition to the flow passing through the engine. Thrust is proportional to the rate of change

momentum of the flow (in the numerator). The fan bypass stream provides thrust at higher

propulsive efficiency thrust (large 7he, small ue) improving the performance of the engine

since overall efficiency is proportional to propulsive efficiency.
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AbtM~lkftsquiruut2 -

------ --------- --

Comczzhl I
- UW

Turbisnol__I

Figure 5.60: Generic Turbofan Architecture DSM. Gas connections: red, shaft power con-
nections: blue, mechanical connections: black, fuel connections: green, oil connections:
cyan, electrical connections: magenta.

The geared turbofan architecture depicted in figures 5.61 and 5.62 decouples the rotational

speed of the turbine via a gearbox. This enables reduction of fan rotational speed and

pressure ratio (and therefore noise) while allowing the turbine to provide a similar amount

of power with fewer and smaller turbine stages. In practice, this enabled geared turbofans to

be designed with lower pressure fan pressure ratios/higher bypass ratios improving propulsive

efficiency and noise. As mentioned earlier two cases were run for all architectures. The first

constrained individual fan bypass ratios to 12, based on what has been achieved to date,

while the second relaxed this constraint allowing geared/electric fans to have bypass ratios

of 24 (see figure 5.70).
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Figure 5.61: Generic Geared Turbofan Architecture. Gas connections: red, shaft power
connections: blue, mechanical connections: black, fuel connections: green, oil connections:
cyan, electrical connections: magenta.
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Figure 5.62: Generic Geared Turbofan Architecture DSM. Gas connections: red, shaft power
connections: blue, mechanical connections: black, fuel connections: green, oil connections:
cyan, electrical connections: magenta.

Another architecture that was generated was a distributed geared turbofan configuration

similar to the one in [93] shown in figures 5.63 and 5.64. This architecture has four pri-

mary gas paths: one through the core and 3 bypass paths through three bypass nozzles.
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Its increased complexity is due in large part to the complex cooling and lubrication sys-

tem consisting of three heat exchangers that needed to discard waste heat from the three

gearboxes.

e 5Gearbox o A
MOil
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shaft power connections: blue, mechanical connections: black, fuel connections: green, oil
connections: cyan, electrical connections: magenta.
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Figure 5.64: Generic Distributed Geared Turbofan Architecture. Gas connections: red,
shaft power connections: blue, mechanical connections: black, fuel connections: green, oil
connections: cyan, electrical connections: magenta.

Thr Oil t xhier3 ii i j --71 il
Atn tkeuikaln.

Ab onftq~r~at1
Atvftk"aanowe1
At ypmen oazM2S.....- --
Atr ypem t~ore

Figure 5.64: Generic Ditr~nkited GerdTrofnAciecueDMMGscnetin:rd
shaft power connections: b~~~nsklue ehnclcnetos lcfe oncin:gen i
connections:t* cyan, eletrca conetins magnta



CHAPTER 5. AIR BREATHING PROPULSION CASE STUDY

Figure 5.65 depicts the magnified version of figure 5.56, and highlights architecture 46 (see

figures 5.66, 5.67) which utilizes 100% electric fans, and architecture 44 (see figure 5.68, 5.69)

in which two of the fans are geared and one is electrically driven. The larger the fraction of

electrically driven fans the greater the losses associated with power transfer from the core

along with the associated cooling requirements. This can clearly be seen in the banded

structure of the of the results in both figure 5.56 and figure 5.65. We now examine the

Normalized Fuel Consumption vs. Complexity
Fan BPR<=12, Mach = 0.8, Alt = 11000, v7elec = 0.92
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Figure 5.65: Normalized Thrust Specific Fuel Consumption vs. Normalized Complexity.
Normalized w.r.t generic geared turbofan architecture.

distributed hybrid electric architecture shown in figures 5.66 and 5.67 in more detail. This

architecture is similar to the distributed geared architecture shown in figures 5.63 and 5.64

that was discussed earlier. The primary difference is that all 3 fans in this case are driven
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by electric motors which are powered via an electric generator powered by the turbine.

The improvements in thrust specific fuel consumption achieved via the very high propulsive

efficiency are completely offset by losses in the electrical system. Furthermore the hybrid

architecture was found to be 40% more complex than the geared turbofan architecture.

In addition it is important to note that the power to weight ratio of non-superconducting

electrical motors is on the order of 20 times poorer than that of a gearbox, which would result

in a large additional weight penalty. This will be discussed in more detail later in this chapter.

While these results suggest that fully electric hybrid architectures are strictly dominated, it is

important to note that some of these losses may be offset in hybrid architectures through fan

placement in boundary layer ingesting locations and more flexible airframe integration since

electrical transfer of power to fans weakens coupling between core and fan placement. This

was the case in [90]. Since such an analysis requires knowledge about airframe integration,

it is left for future work.
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previously described distributed architectures and provides an uninstalled thrust specific fuel

consumption improvement compared to a generic geared turbofan architecture.
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Figure 5.69: Generic Distributed Geared Hybrid Electric Turbofan Architecture DSM. Gas
connections: red, shaft power connections: blue, mechanical connections: black, fuel con-
nections: green, oil connections: cyan, electrical connections: magenta.

Figures 5.70 and 5.71 provide a similar analysis to the one presented in figures 5.56 and 5.65

but relaxes the constraint on geared/electric drive fans to 24 (double what has currently

commercially been achieved). In this case, as expected improvements in propulsive efficiency
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from more fans yield diminishing returns and going beyond a single fan and an ultra-high

bypass ratio geared architecture is positioned at the knee of the Pareto frontier.
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Figure 5.70: Normalized Thrust Specific Fuel Consumption vs. Normalized Complexity.
Normalized w.r.t generic geared turbofan architecture.
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Normalized Fuel Consumption vs. Complexity
Fan BPR<=24, Mach = 0.8, Alt = 11000, vlec = 0.92
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Figure 5.71: Normalized Thrust Specific Fuel Consumption vs. Normalized Complexity.
Normalized w.r.t generic geared turbofan architecture.

We now examine fuel consumption-mass tradeoffs for the 70 turbofan architectures that

were generated in this analysis. Four different cases are considered. These consist of high

and ultrahigh bypass ratio constraints as well as 90% and 95% assumptions on transfer

efficiency of electrical motors and generators and are depicted in figures 5.72, 5.73, 5.74

and 5.75. Figure 5.72 depicts the nominal case where bypass ratio is limited to 12 and

motor/generator efficiencies are 90%. It is immediately clear that distributed architectures

are as expected more massive than traditional single fan architectures. Architecture 50 for

example which was discussed in more detail earlier (see figure 5.64), is on the order of 1.6

times as massive as a traditional geared turbofan.
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Normalized Fuel Consumption vs. Normalized Mass
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Figure 5.72: Normalized Thrust Specific Fuel Consumption vs. Normalized Mass. Normal-
ized w.r.t generic geared turbofan architecture.

This is due to the mass of additional gearboxes, fans, and their fairings. Hybrid electric

architectures have yet greater mass, primarily due to the larger cooling/lubrication systems

needed to remove heat from electrical components. The heaviest architectures are highly

distributed systems in which all fans are driver electrically (shown in green). Distributed

architectures in which only some of the fans are driven electrically have lower mass while at

the same time providing fuel consumption improvements compared to the geared turbofan.

This is the case with architecture 44 highlighted in figure 5.72.

Optimization of uninstalled fuel consumption was also carried out for three other cases:

ultra-high bypass ratio-nominal electrical transfer efficiency (figure 5.73), high bypass ratio-
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high electrical transfer efficiency (figure 5.74), ultra-high bypass ratio-high electrical transfer

efficiency (figure 5.75). For the high bypass ratio cases increasing electrical transfer efficiency

generally decreased overall engine weight due to downsizing of the cooling/lubrication sys-

tems. For example, the 100 % propulsors electric distributed architecture (number 46)

depicted in all figures reduced mass by on the order of 10% when electrical efficiency was

increased by approximately %10.

Normalized Fuel Consumption vs. Normalized Mass
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Figure 5.73: Normalized Thrust Specific Fuel Consumption vs. Normalized Mass. Normal-
ized w.r.t generic geared turbofan architecture.
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Normalized Fuel Consumption vs. Normalized Mass
Fan BPR<=12, Mach = 0.8, Alt = 11000, n = 0.952
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Figure 5.74: Normalized Thrust Specific Fuel Consumption vs. Normalized Mass. Normal-
ized w.r.t generic geared turbofan architecture.

A similar trend was observed for architecture 44 which is only partially electric both in the

high bypass ratio case shown in figures 5.72 and 5.74 and the ultra-high bypass ratio case

shown in figures 5.73 and 5.75.

To summarize, in this chapter we generated engine architectures from libraries of components

at two layers of abstraction and examined their performance-complexity and performance-

mass tradespace for uninstalled operation. At the first level of abstraction no optimization

was conducted, while at the second, architectures were optimized first via genetic algorithm

and then via a gradient based approach. Distributed architectures in general were found to

be up to twice as complex as conventional ones. A major contributor of this was increased

complexity in cooling and lubrication systems associated with more gearboxes as well as

electrical motors/generators. Distributed engine architectures in which all propulsors were

electric were found to be up to 3.5 times as heavy as a generic geared turbofan architecture,

E
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Normalized Fuel Consumption vs. Normalized Mass
Fan BPR<=24, Mach = 0.8, Alt = 11000, v = 0.952
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Figure 5.75: Normalized Thrust Specific Fuel Consumption vs. Normalized Mass. Normal-

ized w.r.t generic geared turbofan architecture.

as well as being more complex and consuming more fuel. This is primarily due to losses in

electrical power transfer which necessitated larger cooling systems and the power to weight of

electrical components compared to gearboxes. Distributed hybrid electric architectures were

found to have lower uninstalled fuel consumption than a generic geared turbofan architec-

ture, but were somewhat heavier and less efficient than fully mechanically driven distributed

architectures. These partially electric propulsor architectures, in which some fans are driven

electrically while others are driven by gearboxes, may prove to be attractive if electrically

driven fans can be placed in boundary layer ingesting locations which may have been diffi-

cult to realize through mechanical power transfer. Furthermore, such architectures may also

provide to be a useful testbed for improved electric motor/generator technology at power

levels below what is required for fully electric flight at Mach 0.8, but high enough so that

they could be used on smaller electric regional aircraft. This is consistent with recent work
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[90]. Future work will examine different ways of optimally integrating the set of engine ar-

chitectures with novel aircraft configurations as well as optimization for full flight profiles

and electric energy storage.



Chapter 6

Reconfigurable Mobile Device Case

Study

We now consider a modular reconfigurable mobile device based on the Google ARA recon-

figurable phone concept [94]. The objective of this device was to increase user satisfaction

by:

" Allowing users to customize their phone by adding or removing hardware modules

purchased from a "module store". The vision was to treat customization of the hard-

ware of the device in a similar manner as we have become used to seeing software

reconfiguration via applications [20].

" Allowing users to reconfigure their phone over time to reflect changing preferences and

obsolescence/degradation of individual modules [20].

A diagram of the second iteration of this device (Spiral 2) is given in figure 6.1. The device

consists of an "'Endoskeleton", shown in gray, which allows consumers to attach 3rd party

modules like cameras, batteries and environmental sensors to the phone. The front of the
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Figure 6.1: Google ARA Spiral 2 Diagram. Image source: [19]

of the device consists of a large slot intended for screens and a smaller slot intended for

audio/video modules. The back of the device consists of 8 additional slots of varying sizes

intended for adding anything from battery modules, processors and environmental sensors

to blood glucose sensors.

We can think of this device in the context of manufacturing paradigms from the 1850s until

the present day as shown in figure 6.2 from [20]. Figure 6.2 shows the total number of

variants of a product divided by the number of products manufactured on the y axis against

the total number of products manufactured divided by the time required to manufacture

each product on the x axis. At the top left hand corner we see craft manufacturing (prior
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to 1850) in which the number of variants was on the order of the number of products

manufactured. In other words, each product was unique and the total number of products

was small. Craft manufacturing was followed by the American System of Manufacturing,

which focused on the improving technology and processes, reduced product variety and

increased the number of products manufactured. During the industrial revolution the total

number of variants became smaller relative to the total number of products manufactured.

This trend continued until the 1960s through to lean manufacturing and mass production.

Mass customization increased the variety of products in the second half of the 20th century.

Since the Google ARA concept allows reconfiguration of an existing product after it has

been purchased as well as customization at the point of purchase, the ratio of variants to the

number of functioning phones is in principle greater than one. In other words, a consumer

could purchase a customized device and reconfigure it over time. This means that the number

I
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of variants is greater than the number of "Endoskeletons" sold. This has already been done in

the software arena (software changes are made after purchase of a phone, tablet or computer).

It has to a limited extent also been done with hardware upgrades for computers (users can

change rapid access memory, graphics cards or storage on their computers after purchase).

The ARA concept is unique in that functional reconfiguration of a device is possible and

encouraged not just in terms of improving performance with which functions are achieved

but in terms of which functions are present (e.g. addition of blood glucose sensor).

To summarize, the Google ARA reconfigurable mobile device concept was designed to al-

low hardware and software customization and reconfiguration. In this chapter we examine

the tradeoffs between cost and user benefit utility (a measure of performance related to

user preferences) as well as the tradeoffs between user benefit utility and configuration com-

plexity. In the air-breathing propulsion case study we applied the Magellan architecture

generator/evaluator to an architecting/general design problem (sizes of components were

not fixed a-priori). In this chapter we apply it to a configuration problem (sizes of compo-

nents are fixed a-priori). The first purpose this case study is to illustrate the generality of

the approach by showing that it can be applied to both general design (system architecting)

and configuration problems. The second purpose of this case study is to generate the archi-

tectural tradespace of the ARA platform. Due to the fact that model behavior was linear in

this case, and the fact that all modules connected to a single platform which mediates infor-

mation and energy transfer between them, only 1 level of abstraction was deemed necessary

for this case study.
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6.1 Modeling

The value perceived by potential users of device configurations is assumed to depend on the

modules that are present, battery life and the cost of a configuration. We start our modeling

description with a battery life model base on the one presented in [21].

6.1.1 Battery Life Model

We construct a battery life model for the device based on one validated against existing

smartphones from [21]. Battery life of each configuration depends on how it is used. A

typical use profile is depicted in figure 6.3 and consists of different states that a typical

device is over time, including "off', "standby", "phone call" etc. Figure 6.4 depicts the

state of modules for each part of the use profile. Figure 6.5 depicts the power consumption

of modules in different states. Battery life may be calculated by dividing the total energy

available on the device by the average power consumption as shown in the equations below.

Total power consumption is calculated for each operating regime k (e.g. state of the device).

Average power is then computed based on the use profile.

The governing equations and parameter assumptions of the model are the same as the ones

validated against existing smartphone data in [21] but are implemented in Matlab rather

than Simulink. This leverages the fact that the only source of dynamics are the different

states that the device can be in (off, standby, talk, web, video, music) which allows the use

of a linear model that can be implemented via Matlab script that runs in seconds rather

than hours.
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Total Power Consumptionregime k = Power consumptionmodue i,regime k (6.1)

Average Total Power Consumptionregime k = wiTotal Power Consumptionregime k (6.2)

Battery Life =
Battery Energy

Average Total Power Consumption

6.1.2 Benefit and Price Utility Model

To compute the utility from benefits and the utility from price of individual mobile device

configurations we rely on the approach taken in [22]. Benefit utility expresses the benefit

architecture j provides to user h. Price utilityj expresses the utility associated with price that

architecture j provides to user h. Different potential users h will derive different benefit from

the same configuration j. This is because their part-worth utilities b and bh (preferences

for modules and sensitivity to price) can be different. In the equation below b0 represents

the part-worth utility of module i to user h and ui indicates the presence of a module.

Benefit Utility = 171 exp (bhu) (6.4)

We can also estimate the utility of price as shown in [22]. In the equation below b represents

the utility of price. price, is the price of modules to the consumer.

Price Utility = exp (bh pricez) (6.5)

(6.3)
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Value is defined as the ratio of benefit and price utility.

Benefit Utilityh
Valueh = i

Price Utilityh
(6.6)

Part worth utilities (representing user preferences) were estimated from a survey of 200

individuals in Puerto-Rico. Ward's clustering algorithm was used to determine 5 distinct

user types from the data based on common part-worth utilities [22]. The dendrogram in

figure 6.6 depicts relative size of different clusters of users. Figure 6.7 depicts part-worth

utilities for modules and price. Different clusters can have example significantly different

preferences for modules. Table 6.1 provides a high level interpretation of the distinguishing

features of different user clusters.

Clustering of Respondents (Utility Based)

a)

CD,

L)

8

6

4

2

Cluster 1 - Basic-functionalities
Cluster 2 - Price sensitive
Cluster 3 - Performance Premiufn
Cluster 4 - Balanced
Cluster5 - Enthusiast

-n
Respondents

Figure 6.6: Dendrogram representing clustering of preferences (Ward's method)
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Figure 6.7: Part-worth utilities (preferences for different modules, prices and battery lives),
[21]

)erformance premium

Balanced

Enthusiast

Extremely sensitive to price 8%

High preference for high- 8%
performance modules

No distinctive features 34.5%
High utility for most of the 335%

modules, low price sensitivity

Table 6.1: Description of different clusters of users

6.2 Configuration Generation

We now conduct a search of all possible reconfigurable mobile device configurations. The

primary assumptions for this analysis were:

e The platform has a 3.5 Volt 1000 mAh battery.

. Modules can be distributed across different slots.
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* We assume there are 21 Modules and use approximately 60 component and connection

rules.

* The total area taken up by modules is less than or equal to total area available. Note

that the reconfigurable mobile device is composed of a grid of 18 square units of area

on the back of the device, 3 units of area on front of the device as well as a large slot

for a screen. The smallest modules occupy a single unit of area and all modules occupy

integer multiples of the basic unit of area. The areas taken up by the various modules

are given graphically in the figure 6.8.

For this analysis we assume that the device must at a minimum provide basic functions of

a typical low-end smartphone. Table 6.2 depicts the different modules used in this analysis

along with their descriptions and a qualitative performance level from [21]. Figure 6.8 shows

a diagram of the device along with the library of components considered in this analysis.

The front of the device, which is shown in the top right corner of figure 6.8, consists of a

large slot for screens and a smaller slot for other modules. The back of the device consists

of 8 slots as shown in the bottom right corner of figure 6.8. The sizes of individual modules

are depicted graphically. Each module has an integer number of units of area. Sensors are

1 unit of area whereas batteries are 4 units of area.

The baseline DS2M and convex hull filtered DS2M are given in figures 6.9 and 6.10 respec-

tively. Architecture generation yields 21,168 configurations of the mobile device.
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TYPE PRIMARY FUNCTION PERFORMANCE LEVEL

Endoskeleton

Processing unit
Screen (advanced)

Screen (basic)

Audio (advanced)
Audio (basic)
Antenna (advanced)

Antenna (basic)
Camera (advanced)
Camera (basic)
Interface (advanced)

Interface (basic)

Environmental sensor

Medical sensor
Security sensor

Gaming interface

Memory (advanced)
Memory (intermediate)
Memory (basic)
Battery (basic)

Battery (intermediate)

Battery (advanced)

Supporting and
connecting the modules
Processing data
Displaying information
Receiving inputs
Displaying information
Receiving inputs
Generating sounds
Generating sounds
Communicating data

Communicating data
Taking pictures
Taking pictures
Connecting to other
devices
Connecting to electric
plugs
Connecting to other
devices
Connecting to electric
plugs
Monitoring
environmental
conditions
Capturing health data
Preventing unauthorized
access
Provide inputs to
videogames
Storing data
Storing data
Storing data
Storing and providing
electrical energy
Storing and providing
electrical energy
Storing and providing
electrical energy

High resolution

Mid resolution

Hi-fi quality
Standard quality
Optimal reception
everywhere
Good reception
Professional quality
Amateur quality
Fast data transfer rate

Slow data transfer rate

256 GB
64 GB
16 GB
250 mAh

500 mAh

750 mAh

Table 6.2: List of 21 modules and the platform which they can occupy. Basic modules consist
of existing technologies repackaged to fit within a reconfigurable mobile device. Intermediate

modules represent technology with functionality found only in the most advanced integral

devices. Advanced modules may not have any analog in integral smartphones [21].
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Module class I

Environmental Sensor

Medical Sensor
Securit Sensor

Memory 64 Gb (intermediate)
Memory 256 Gb (Advanced)

Battery 25 mAh Low End
Batte 500 mAh intermediate

Processor

lntermedIate

One Type Only

Figure 6.8: List of 21 modules and the platform which they can occupy. Basic modules consist
of existing technologies repackaged to fit within a reconfigurable mobile device. Intermediate
modules represent technology with functionality found only in the most advanced integral

devices. Advanced modules may not have any analog in integral smartphones. Module prices

are based on data collected in [21].
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Platform Googlel
Battery 250mahi
Battery 250meh2
Battery 500mahi
Battery 500mah2
Battery 75mahi
Battery 750mah2

Screen Li
Screen HI

Audio Li
Audio HI

Environmental Sensori
Medical Sensori
Security Seneori

Antenna Li
Antenna HI

Gamei
Interface Li
Interface H1

Camera Li
Camera Hi

Memory 161
Memory 641

Memory 2561
ProcmorlIU

Figure 6.9: Google ARA DS2M. Energy connections: green, mechanical connections: black,
information connections: blue
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The results of the architecture generation are given in figure 6.11 6.12. Figure 6.11 depicts

the log of benefits utility and price utility for all 5 clusters of users. The largest difference

between users is between clusters 2 and 5. Going from left to right on the Pareto frontiers

generally entails moving to configurations with a larger number of more advanced modules.

This increases the cost, increasing the log of price utility. Cluster 2 does not experience a

significant increase in benefit utility in exchange for additional features. The opposite is true

for cluster 5 which experiences a rapid increase in benefit utility with the addition of new

modules.

0-

-2 L

Cluster 2S-4-
a. Cluster 2

Cluster 43

-~ Cluster 5-

-8 -

0 0.5 1 1.5 2 2.5 3 3.5
log(Benefits value)

Figure 6.11: Trade-space utility analysis for ARA architectures evaluated according to all 5
clusters of users. Note this figure was generated during a team project and already appears
in [22].Note that this was generated via experience based rules. Some of these rules governing
pairwise interaction between components were replaced via convex hulls after generation of
this results.

We now examine architectures on the Pareto frontiers in more detail. Figure 6.12 shows log

benefits utility and log price utility for cluster 4 of users. Three different architectures with
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increasing benefit utility are chosen from the Pareto frontier for further investigation and

depicted in figure 6.13.
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Figure 6.12: Trade-space utility analysis for ARA architectures evaluated according to Clus-

ter 4 part-worth utilities. Note this figure was generated during a team project and already

appears in [22].
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Architecture 5506 has relatively few modules and small battery capacity generating the lowest

benefit utility. Architecture 3184 has more battery modules, an advanced antenna and an

advanced interface module along with security and environmental sensors. Architecture

17397 has the highest benefit utility and consists primarily of advanced modules. The chart

shows how as we increase module performance, cost and therefore complexity, we increase

the performance metric, benefit utility.

Thus far we have generated and simulated 21,168 feasible ARA configurations. It is infor-

mative to also consider the total number of possible configurations. By this we mean, given

a reconfigurable module device with m slots and a set of possible n modules to select from,

what are the total number of configurations that exist ignoring any feasibility constraints.

The number of possible module configurations may be found by investigating all possible

selections of between 1 and m modules (maximum number allowed on platform) from a set

of n (total number of modules available). This can be accomplished using a sum of binomial

coefficients [21]:

(n[m

npossible = Si (r-n n] n! (6.7)

Figure 6.14 depicts the set of possible configurations for a set of hypothetical platforms with

1 to 10 slots. The number of possible configurations is calculated for module libraries ranging

from 1 module to 21 modules. The Spiral 2 ARA platform given 21 modules is in the top

right corner with approximately 1 million possible configurations. Only about 2% of these

are feasible according to the architecture generation/evaluation that was carried out in this

case study. Therefore, if a user were to randomly assemble a set of modules the likelihood

that they would create a non-functional configuration is on the order of 98%. Thus, the

platform manufacturer must also carefully consider a way of guiding users towards desired
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Figure 6.14: Possible configurations.

configurations while maintaining feasibility. Exactly how such guidance can be implemented

is out of the scope of this thesis. The Spiral 3 configuration of Google ARA which had

5 slots rather than 10 integrated many of the functions required for a feasible phone into

the platform, reducing the likelihood that a randomly assembled configuration would be

infeasible. It therefore reduced the space of "possible" configurations while not reducing the

space of feasible configurations.

We now examine the distributions of complexity of different mobile device configurations

as depicted in figure 6.15. Even the most complex phone configuration that was generated

was qualitatively not very different from the most advanced current mobile devices. The key

point to take away is that while none of the individual configurations generated for this work

were exceedingly complex in isolation, the complexity associated with the tens of thousands

of potentially feasible configurations taken together is large.
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Complexity Histogram

0.5 0.6 0.7 0.8 0.9 1
Normalized Complexity

Figure 6.15: Histogram of feasible configurations normalized by the most complex, using no-
tional component and connection complexities. Higher complexities, broadly corresponding

to price of modules were set for more advanced modules.

To conclude this chapter, the portfolio of potentially feasible ARA mobile device config-

urations was generated and evaluated for different classes of users. This information can

be used for more detailed verification and validation activity to reduce the likelihood of an

infeasible configuration being fielded. While no individual ARA architecture was found to

be exceedingly complex, the number of potentially feasible configurations lies in the tens of

thousands. It may therefore be said that the complexity of the tradespace of possible con-

figurations rather than any individual configuration was the primary driver of non-recurring

engineering cost.
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Chapter 7

Summary, Conclusions and Areas of

Future Work

The research discussed in this thesis provides both domain specific contributions and method-

ological contributions. We summarize these here starting with methodological contributions.

Prior to delving into the summary of this work we revisit the Heilmeier research catachism

that was outlined in the introduction and map the high level summary of this work to it.

Since the main focus of this work was aircraft engines, we will discuss the relevant Heilmeier

questions in this context.

Hi: What are you trying to do? Articulate your objectives using absolutely no jargon.

H2: How is it done today and what are the limits of current practice?

H3: Who cares? If it is successful, what difference will it make?

H4: What is new in your approach and why do you think it will be successful?

H5: What are the risks and the payoffs?

H6: How much will it cost? How long will it take?

H7: What are the "midterm" and 'final" exams to check for its success?
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An approach that combined architecture generation, complexity quantification and perfor-

mance quantification/optimization was presented (Hi). The approach combined generation

of feasible sets of architectures and configurations, performance and complexity quantifi-

cation, rules that relied on resource flows between components expressed as convex hulls,

control over false negatives and was demonstrated at more than one level of abstraction

H4. This allowed tradespace exploration of families of architectures which had not been

explored in detail in the literature (H2,H4). The generated portfolio of engine architectures

can be drawn upon in future aircraft configuration studies to help meet ICAO fuel efficiency

goals, while explicitly showing the complexity associated with improved uninstalled engine

performance H3.

7.1 Methodological Contributions

Previous work in architecture exploration has examined explicitly classifying required inputs

and outputs of components by type. Other, related previous work has used linear constraints

on components inputs and outputs in configuration generation problems (problems where

the constituent components are fixed). The approach here applies to systems architecting

problems and explicitly relates possible flows at interfaces to detailed simulation through

convex hulls with flow direction implicitly defined by the convex hulls themselves rather than

specified a-priori via subject matter expert opinion. For the engine case study convex hulls

were used to inform architecture generation (assembly of unsized functionally constrained

components), whereas for the Google ARA case study configurations of different mobile

devices were generated (assembly of sized components). For systems with heterogeneous

flows (wide range of temperatures, pressures and mass flows) like gas turbine engines, the

convex hull constraints result in large reductions in the number of possible connections (88

% reduction for the gas turbine engine case study). For less heterogeneous but centralized
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systems like the reconfigurable mobile phone the reduction in the number of connections was

82 %. Thus to summarize the methodological contributions of this thesis are the following:

1. Explicit linking of resource flow constraints at component interfaces to more detailed

simulation via convex hulls around operating points.

2. Using convex hulls to link abstraction layers in a domain independent way.

3. Using convex hulls to generate architectures.

4. Allowing the designer to parametrically control the number of false negatives to reduce

the size of the design space by varying the normalized allowable normalized volume of

intersection of convex hulls.

5. Combining convex-hull based architecture generation, complexity quantification and

performance evaluation, allowing tradeoffs between development effort and perfor-

mance to be made explicitly.

7.2 Domain Specific Contributions

Two different case studies were examined in this thesis. The first studied the complexity

performance tradespace of hybrid-electric aircraft engine architectures, while the second ex-

amined a reconfigurable mobile phone concept. We now discuss domain specific contributions

for each of these.

7.2.1 Air Breathing Hybrid Electric Propulsion

One of the primary motivations for this thesis was the examination of the performance-

complexity tradespace of a broad range of air-breathing engine architectures. 71 engine
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architectures were generated for this work and optimized by genetic algorithm followed by

gradient based optimization. The primary contribution here was the visualization and de-

scription of this set of architectures. The full list of findings is as follows:

1. A complexity-performance tradespace of air-breathing propulsion systems for commer-

cial applications was generated. The tradespace included both existing engine architec-

tures and families of distributed mechanically driven/electrically driven architectures.

Performance was optimized for minimum uninstalled fuel consumption and complexity

was calculated for each architecture in isolation from the aircraft. The reason for do-

ing this was that distributed and ultra-high bypass ratio architectures are difficult to

integrate into current low wing airframes due in part to limited space underneath the

wing [26]. New engine architectures will likely drive novel airframe configurations each

of which will have multiple options for engine-airframe integration. The results here

represent a baseline performance which will be augmented depending on integration

with future airframe configurations. As such it represents a catalog of new options

designers can draw upon.

2. Uninstalled performance of highly distributed architectures in which all propulsors

(fans) are electric was found to be dominated for flight at Mach 0.8 at an altitude

of 11000 meters given assumed transfer losses and cooling requirements in the elec-

trical systems. The increases in uninstalled performance due to propulsive efficiency

for these architectures are more than made up for by increased transfer losses. In

addition such architectures were found to be approximately 2.3 times as massive as

equivalent mechanically driven distributed architectures due to the limited power to

weight ratio of electric motors/electric generators compared to gearboxes and cooling

system mass. Finally, distributed electrically driven architectures were found to be up

to approximately twice as complex as the current geared turbofan architecture..
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3. In addition to architectures in which all fans were electric, families of engines were

generated with all different combinations of electric and mechanical propulsors (fans).

These hybrid-electric families had performance much closer to mechanically driven

distributed architectures. Some of these concepts, while up to twice as complex as

the geared turbofan architecture, had improved uninstalled performance compared

to current engine architectures due to gains in propulsive efficiency. In addition the

weight penalty for such architectures due to poor power to weight ratios of electric

motors/generators was approximately 50% smaller than fully electric ultrahigh bypass

ratio architectures since the fraction of power transfered electrically was lower than for

fully electric systems.

Current gearbox efficiencies are on the order of 99%. Currently electrical transfer losses

are on the order of 20% (given approximately 10% losses when converting mechanical

power to electrical power and 10% loss when converting electrical power to mechanical

power). Hybrid architectures allow for sources and sinks of power to be far away

from each other (reduce mechanical complexity). Placing an electric fan powered by

a gas turbine in a boundary layer ingesting position does make even non attractive

[90] compared to the current state of the art. This work shows that uninstalled thrust

specific fuel consumption could be improved even without boundary layer ingestion

through partially electric ultrahigh bypass ratio distributed propulsion systems by on

the order of 5-10% compared to the modern geared turbofan architecture.

If we are interested in total fuel burn we must also take into account the contribution

of the weight of the engine itself to the drag of the aircraft. While a detailed analysis

is left for future work, we can gain attain a first order understanding relatively easliy.

Assuming constant aircraft lift oier drag [28], every 1% increment to aircraft mass will

result in a 1% increase in drag and therefore thrust and fuel consumption. Assuming
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that thrust to weight of modern aircraft engines is on the order of 5 [8] and that thrust

to weight of civil twin engined aircraft is on the order of 0.3 at takeoff [26] the ratio

of engine mass to aircraft mass is on the order of 6%. If engine mass were to approxi-

mately double, as would be the case for the partially electric architecture with 3 fans

(44) discussed in the air-breathing engine case study, we would increase aircraft mass

by approximately 6% resulting in an approximately 6% fuel burn penalty assuming

airframe integration was carried out in a manner that did not increase drag. The im-

provement of uninstalled performance of architecture 44 was approximately of 5-10 %.

This first order approximation means that to gain any statistically significant benefit

in overall fuel consumption from turboelectric architectures BLI will be required. Note

that this is also subject to the assumption that all fan nozzles located downstream of

geared/electric fans are the same size.

It is important to also take a step back and evaluate long term objectives of propulsion

when examining new engine architectures. If the objective is to reduce emissions of

carbon dioxide along with other greenhouse gases, achieving fully electric propulsion

concepts for regional aircraft is one potential path to such a goal. Hybrid electric

concepts where some propulsors are electrically powered and placed in boundary layer

ingesting positions could be valuable testbeds for such future concepts since they would

provide performance improvements relative to existing engine architectures while si-

multaneously achieving technology development goals in high power density electrical

motors/generators. It is however important to note that such systems are perhaps the

most complex, due their heterogeneity and complexity of supporting systems.

4. Even with "optimistic" assumptions on the relationship of complexity with develop-

ment time, 3 geared turbofan architectures require at least 50% more development

effort (compared to the current geared turbofan architecture). Looking at the next
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step in aircraft engines, it is clear that ultrahigh bypass ratio turbofans are the least

complex while providing propulsive efficiency benefits. These architectures will how-

ever require some form of aircraft configuration change, since space underneath the

wings of low-wing aircraft configurations is limited [26].

7.2.2 Reconfigurable Mobile Device

The second case study featured a reconfigurable mobile device based on Google's ARA recon-

figurable mobile phone concept. The idea behind this concept was to give users the ability to

highly customize and reconfigure their phones with "plug and play" hardware modules using

an "Endoskeleton" bus which would facilitate mechanical, information and energy connec-

tions between modules. Due the interoperability of electronics, and the presence of many

optional modules, the number of architectures generated for the mobile device case study

was much larger than for the gas turbine engines (21,168).

The primary conclusions/contributions from this case study are the following:

1. The first conclusion is that while none of 21,168 architectures may be said to be

particularly complex compared to existing mobile phones, the success of the concept

hinged to a large degree on all potentially feasible configurations operating as expected.

In other words, rather than designing a single phone or small family of functionally

related mobile devices, the objective was to create a platform which would function

as expected for all functionally disparate configurations which were predicted to be

feasible. The 21,168 generated for this work relied on a relatively small library of

components. The number of feasible configurations would be exponentially larger if a

market of third-party modules were to emerge. Thus system integration efforts would

have to somehow guarantee that this uncontrolled set of exponentially growing possible
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architectures remained feasible.

2. The second conclusion of this work is that while the number of generated feasible

configurations is seemingly very large, it represents only a few percent of the number

of possible configurations. This means that if a user were to randomly put together

modules their likelihood of building a potentially functioning configuration would be

on the order of 2 %. This adds another layer design to the platform, since now, not only

must potentially feasible configurations work as expected, users must be guided through

a sparse set of configurations in a way that allows them to actualize a configuration

that matches their preferences.

3. The third and final conclusion of the work is related to the penalty of modularity.

Mobile devices are highly integrated devices which often trade performance for battery

life. In marketing studies and from public data, during the Google ARA case study

it was found that user satisfaction was highly sensitive to battery life of their device.

Literature has suggested that modularity often comes with a performance penalty,

often associated with the size and weight of interfaces and losses across interfaces. Due

to the high degree of modularity of the initial ARA concept and associated losses the

utility of the phone would likely have been diminished even if the challenges described

in the first two points were overcome.

7.3 Future Work

A number of areas of future work are identified in this section based on the discussion in the

limitations section in the methodology section as well as case study specific considerations.
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7.3.1 Methodological Future Work

Perhaps the most important area of future work is addressing the state dependency limita-

tion. As described in the methodology section, convex hulls are defined for the library of

components a-priori and do not change as components are added to an architecture. This

change was not taken account and is a source of false positives, and necessitates the use of

rules implemented by the user based on subject matter expertise. One good example of this

for the engine case study was the rule that stipulated the need for an oil pump in every oil

loop to provide a finite mass flow rate. Previous work with linear formulations of component

transfer functions allows these state dependences to be handled directly in the linear pro-

gramming problem. To enforce state dependency in generic non-linear systems one would

have to simulate the space of possible inputs and outputs of partially formed architectures

(as we add components and connections when building an architecture). This is a non-

trivial problem, both due to the run time associated with repeatedly analyzing thousands

of partially formed architectures and due to solver stability when checking partially formed

architectures. Geometric programming is an area of active research which relies on functions

being expressed via polynomials and allows rapid network optimization. This is perhaps

one direction this research can take in the future to further reduce additional constraints

imposed by the designer which potentially biases results towards legacy designs.

Another area of future work is related to the staged process in which architecture generation

occurs. Feasible component combinations are first generated via user defined constraints.

Feasible sets of connections are then searched for given convex hull constraints. Ideally

connection and component enumeration should occur simultaneously to remove the need for

additional component combination rules during the first stage of exploration, leaving only

flow compatibility rules which rely directly on underlying component physics, reducing bias
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towards legacy architectures.

An additional area of future work is related to the explicit division between function and

form within architecture exploration. For the engine case study, components in general were

treated as functions with constraints expressed via convex hulls. For the Google ARA case

study, it was assumed that components were existing pieces of hardware that could not be

resized.

To provide greater clarity between function and form one potential avenue of future work is

to use a formal modeling language to help designers formulate problems that they would like

to solve, explicitly dividing function and form. One such language is called "Object-Process

Methodology". The ontology of OPM consists of objects (things which unconditionally

exist) and have a state associated with them and processes which can transform the state

of objects. The figure below graphically depicts some aspects of OPM. The instrument

link relates a process to an object that is required to carry out that process. Arrows from

objects (shown via rectangles) to processes (shown via ellipses) represent the situation in

which a process consumes an object. Arrows from processes to object represent a result link

indicating that the process generates an object. The smaller rectangles within the objects

represent the state of the object (e.g. Temperature). We can think of the convex hull

grammar described in terms of an OPM diagram as shown in the figure 7.2. The function of

a compressor is to increase stagnation pressure. The stagnation pressure increasing process

consumes low stagnation pressure flow and produces high stagnation pressure flow while

requiring shaft power. The compressor object here is connected to the stagnation pressure

increasing process via an instrument link, indicating that a compressor object is required to

carry out the stagnation pressure increasing process. The shaft power providing process can

be achieved via a turbine. In this case the shaft power providing function takes in the high

stagnation pressure flow object and produces the low stagnation pressure flow object. It also
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Process

Production/Consumption Link

Instrument Link

Figure 7.1:

produces the shaft power object which is consumed by the stagnation pressure increasing

function. This is a useful way of describing objects and processes (function and form) since

it is unambiguous and encourages the designer to consider other ways of achieving the same

function. In this formulation the convex hulls described in the thesis are treated as objects.

We can extend the OPM description to the Brayton cycle in general as shown in the figure

below in which each of the subfunctions in the cycle are depicted via processes (ellipses) and

the objects that they consume/produce are the convex hulls that were described throughout

this thesis. Notice that the shaft power providing functions can be achieved via a turbine

or a electrical motor each of which will have different objects (gas flow vs. electrical power)

which they produce/consume. Currently convex hulls are coded into data structures directly

prior to design space exploration. In the proposed future approach OPM would be used as a

graphical way of formulating the architecture exploration problem that utilizes convex hulls.

Object

State
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Figure 7.2: Object-Process Methodology to explicitly capture function and form

Not much has been discussed in this work about human interaction with design space ex-

ploration. One area of future work is allowing subject matter experts to interact with the

design space exploration process during generation of feasible architectures. While human

interaction can cause bias, subject matter experts can also provide invaluable input to reduce

false positives. If humans play an active part in architecture generation they can eliminate

complete or partially formed architectures which are infeasible for reasons which are not

captured in the model. In addition humans can benefit from interacting with architecture

generation in this way since it compels them to consider new concepts. It is the opinion of

the author that such interaction could kindle rather than hinder creativity.
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Figure 7.3: Object-Process Methodology to explicitly capture function and form

7.3.2 Engine Case Study Future Work

A primary area of future work for the engine case study is airframe integration that will

allow boundary layer ingestion benefits and other system integration benefits to be taken

full advantage of. This will allow system level scenarios for different transfer efficiencies and

different propulsor placements to be examined explicitly and inform technology roadmapping

efforts. Another area of future work for the engine case study is the addition of transient

engine performance optimization using on board electrical energy storage. Finally taking into

account noise levels from different engine configurations in different operational regimes will

allow examination of situations in which noise can be limited during takeoff in noise-sensitive

areas by relying more on low pressure ratio electrical propulsors (fans or propellers).
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Another area of future work will be to define the most useful hybrid-electric propulsion

system demonstrator that could lead to future commercial hybrid aircraft. This would

require selection of a non-dominated hybrid-electric propulsion architecture, integrating it

into an existing carrier aircraft and defining a test campaign over the full flight envelope.

From a modeling perspective it will involve taking into account electrical energy storage and

optimizing over the entire flight envelope and perhaps even defining a new flight envelope

that could take full advantage of such a novel architecture.

One final area of future work will be to expand the library of components to include su-

perconducting electric motors and generators. Adding these components will require adding

cryogenic cooling, which was out of the scope of this thesis.

7.3.3 Reconfigurable Mobile Device Future Work

For the reconfigurable mobile device case study a number of avenues for future work exist.

Further research into quantifying the complexity of families of architectures/platforms is

required. One of the challenges of of any such platform is the complexity associated with

the vast and largely uncontrolled set of possible configurations enabled by it. Examining

complexity and its relationship with development effort for such situations is in the opinion

of the author of vital importance for the success of future reconfigurable hardware platforms.

Ensuring that consumers can take advantage of the customizability/reconfigurability with

tools which guide them through the sparse but still very large set of feasible configurations

is another aspect of vital importance.
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Appendix

Engine Case Study

We provide all architectures generated at level two of abstraction for completeness. In

addition, we provide a table of assumptions for parameters which were not explicitly listed

in the main body of this work below.
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chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-
nections: magenta.
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Figure 7.35: Architecture 32 (Turboelectric). Gas connections: red, shaft power connec-
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Figure 7.36: Architecture 33 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.37: Architecture 34 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.39: Architecture 36 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.40: Architecture 37 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.42: Architecture 39. Gas connections: red, shaft power connections: blue, me-

chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-
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Figure 7.44: Architecture 41 (Turboelectric). Gas connections: red, shaft power connec-
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Figure 7.46: Architecture 43 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
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Figure 7.51: Architecture 48 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.52: Architecture 49 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.54: Architecture 51 (Turboelectric). Gas connections: red, shaft power connec-
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Figure 7.55: Architecture 52 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.

303



~44~~% 0.0.s
A 4 4, 94

ThrustRequirementl
AtmSourceRequirementl

FuelRequirementi
AtmSinkRequirementl
AtmSinkRequirement2
AtmSinkRequirement3
AtmSinkRequirement4
AtmSinkRequirement5
AtmSinkRequirement6

Intakel
lntake2
lntake3
Intake4

Fani
Fan2
Fan3

Gearbox1
Gearbox2

Oil Pump1
Air Oil Heat Exchangerl
Air Oil Heat Exchanger2

Compressori
Burner

Turbinel
CoreNozzlel

BypassNozzlel
BypassNozzle2
BypassNozzle3

I.,

- -1-
Iii~i~~ - 'i

Figure 7.56: Architecture 53. Gas connections: red, shaft power connections: blue, me-
chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-

nections: magenta.
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Figure 7.57: Architecture 54. Gas connections: red, shaft power connections: blue, me-
chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-
nections: magenta.
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Figure 7.58: Architecture 55 (Turboelectric). Gas connections: red, shaft power connec-

tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.59: Architecture 56 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.60: Architecture 57 (Turboelectric). Gas connections: red, shaft power connec-

tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.

308 BIBLIOGRAPHY



BIBLIOGRAPHY

le
--

ThrustRequirementi
AtmSourceRequirementl

FuelRequirementi
AtmSinkRequlrementl
AtmSinkRequirement2
AtmSinkRequirement3
AtmSinkRequirement4
AtmSinkRequirement5
AtmSinkRequirement6

Intakel
Intake2

Fan1
Fan2

Oil Pumpi
Air Oil Heat Exchanger
Air Oil Heat Exchanger2
Air Oil Heat Exchanger3

Electric Generatori
Electric Motori
Electric Motor2

Compressor1
Burner

Turbinel
CoreNozzlel

BypassNozzlel
BypassNozzle2

ru
------

- U ---- - - -
-U-

Figure 7.61: Architecture 58 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.62: Architecture 59. Gas connections: red, shaft power connections: blue, me-
chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-
nections: magenta.
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Figure 7.63: Architecture 60 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.64: Architecture 61. Gas connections: red, shaft power connections: blue, me-
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Figure 7.65: Architecture 62 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.66: Architecture 63. Gas connections: red, shaft power connections: blue, me-

chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-

nections: magenta.
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Figure 7.67: Architecture 64. Gas connections: red, shaft power connections: blue, me-
chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-
nections: magenta.
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Figure 7.68: Architecture 65 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.69: Architecture 66 (Turboelectric). Gas connections: red, shaft power connec-
tions: blue, mechanical connections: black, fuel connections: green, oil connections: cyan,
electrical connections: magenta.
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Figure 7.70: Architecture 67. Gas connections: red, shaft power connections: blue, me-
chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-

nections: magenta.
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Figure 7.71: Architecture 68. Gas connections: red, shaft power connections: blue, me-
chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-
nections: magenta.
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Figure 7.72: Architecture 69. Gas connections: red, shaft power connections: blue, me-

chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-

nections: magenta.
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Figure 7.73: Architecture 70. Gas connections: red, shaft power connections: blue, me-
chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-
nections: magenta.
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Figure 7.74: Architecture 71. Gas connections: red, shaft power connections: blue, me-
chanical connections: black, fuel connections: green, oil connections: cyan, electrical con-
nections: magenta.
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