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“C’est l’aviation qui m’a fait découvrir mon royaume intérieur.”

– Adrienne Bolland

Test Pilot and Aviation Pioneer (1895-1975)

“My airplane is quiet, and for a moment still an alien,

still a stranger to the ground, I am home.”

– Richard Bach

Stranger to the Ground

“The 50-year exception is now over and aviation should grow up and

play its full role in delivering a responsible and intelligent sustainable

development plan for the future. At the core of this plan will be less flying,

less freight carried by air, and an end to airport expansion plans.”

– John Whitelegg

Liverpool John Moores University
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Abstract

While aircraft environmental performance has been important since the beginnings

of commercial aviation, continuously increasing passenger traffic and a rise in public

awareness have made aircraft noise and emissions two of the most pressing issues

hampering commercial aviation growth today. This research explores the feasibility

of integrating noise and emissions as optimization objectives at the aircraft concep-

tual design stage, thereby allowing a quantitative analysis of the trade-offs between

environmental performance and operating cost. Beyond meeting regulations and es-

tablishing environmental performance trades, the design tool allows the generation of

extremely low-noise and low-emissions designs that could, in the future, dramatically

decrease the environmental impact of commercial aviation, albeit at the expense of

increased operating cost. To these ends, a preliminary design tool was developed

that uses a multiobjective genetic algorithm to determine optimal aircraft configura-

tions and to estimate the sensitivities between the conflicting objectives of low noise,

low emissions, and operating costs. The design tool incorporates ANOPP, a detailed

noise prediction code developed at NASA Langley, and NASA Glenn’s NEPP engine

simulator, as well as aircraft design, analysis, and optimization modules developed at

Stanford.
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Chapter 1

Introduction

1.1 Aviation and the Environment

Aircraft noise and emissions have been of concern since the beginning of commercial

aviation. The continuing growth in air traffic and increasing public awareness have

made environmental considerations one of the most critical aspects of commercial

aviation today. It is generally accepted that significant improvements to the environ-

mental acceptability of aircraft will be needed if the long-term growth of air transport

is to be sustained. This is an open issue. The Intergovernmental Panel of Climate

Change (IPCC) has projected that, under an expected 5% annual increase in passen-

ger traffic, the growth in aviation-related nuisances will outpace improvements that

can be expected through evolutionary changes in engine and airframe design [1].

1.1.1 Noise

While considerable progress has been made to reduce the noise signature of airliners,

the public’s perception of noise continues to grow, as illustrated by the ever-increasing

number of public complaints. This can be attributed to increasing air traffic as well

as further encroachment by airport-neighboring communities. As a result, noise has

become a major constraint to air traffic, with 60% of all airports considering it a major

problem and the nation’s fifty largest airports viewing it as their biggest issue [2].

1
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Figure 1.1: The world-wide increase in airport-enforced noise restrictions.

The construction of new runways and airports raises massive issues due to public

fears of increased air traffic and the associated louder, or more frequent, noise. In

response to these public concerns, airports have adopted operational restrictions on

top of the International Civil Aviation Organization (ICAO) certification guidelines.

A survey of the world’s airports reveals a two-fold increase in the number of noise-

related restrictions in the past ten years [3]. These include curfews, fines, operating

restrictions, and quotas (Figure 1.1).

The historical trend in aircraft noise has shown a reduction of approximately

20dB since the 1960s [4] largely due to the adoption of high bypass turbofans and

more effective lining materials. Reductions since the mid-eighties have not been as

dramatic (Figure 1.2). The point seems to have been reached where future improve-

ments through technological advances will be possible only by significantly trading

off operating costs for environmental performance. As shown on the notional graph

in Figure 1.3, the outlook is that further reductions in the environmental impact of

commercial aircraft will exact increasingly severe penalties in operating costs. Quan-

tifying the terms of this trade-off — critical for the efficient design of future aircraft

— is one of the main topics addressed by this research.
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Figure 1.3: Technological advances reduce the environmental impact of aircraft, but
only at rising operating costs. The challenge is to determine the designs offering the
optimal trade-off between operating and environmental performances.

The ICAO Assembly has endorsed the concept of a ‘Balanced Approach’ that aims

to address noise issues by working simultaneously on four parameters: aircraft noise

at the source, flight and operating procedures, operating restrictions at airports, and

land-use planning and management (Figure 1.4). While the focus of this research is

firmly on the first two parameters, it should be kept in mind that significant reductions

in acoustic nuisances around airports will also require contributions from airports,

regulating authorities and local land planners.
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Figure 1.4: The ICAO Balanced Approach: successfully reducing the noise impact
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1.1.2 Emissions

The release of exhaust gasses in the atmosphere is the second major environmental

issue associated with commercial airliners. The world fleet releases approximately

13% of CO2 emissions from all transportation sources, or 2% of all anthropogenic

sources [5]. The expected doubling of the fleet in the next twenty years [6] will cer-

tainly exacerbate the issue: the contribution of aviation is expected to increase by

a factor of 1.6 to 10, depending on the fuel use scenario. Conscious of this prob-

lem, engine manufacturers have developed low-emission combustors, and made them

available as options. These combustors have been adopted by airlines operating in

European airports with strict emissions controls, in Sweden [7] and Switzerland, for

example.

Current emissions regulations have focused on local air quality in the vicinity of

airports. Emissions released during cruise in the upper atmosphere are recognized

as an important issue with potentially severe long-term environmental consequences,

and ICAO is actively seeking support for regulating them as well. However, political

and diplomatic considerations compound the difficulty of reaching an agreement on

emissions levels in international airspace.
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Figure 1.6: Simultaneous consideration of all aspects of aircraft design can yield truly
optimal designs.

1.2 An Integrated Approach

Commercial aircraft design processes have focused primarily on producing airplanes

that meet performance goals at minimum operating costs. Environmental perfor-

mance has been considered mostly at a post-design analysis phase, during which

adjustments are made to satisfy the noise and emissions requirements of individual

airlines or airports. This sequential design approach does not guarantee that the final

aircraft is of overall optimal design, but it served its purpose as long as only localized,

minor adjustments were necessary to bring aircraft into environmental compliance.

However, following the gradual tightening of environmental requirements, the cost

and complexity of achieving compliance has increased significantly.

To illustrate the point, consider the Airbus A380, which had to be modified well

into the design phase, at the request of airlines, to meet nighttime restrictions at

London Heathrow airport. The modification involved using an engine fan substan-

tially larger than required for lowest fuel consumption, necessitating a redesign of the

engine, nacelle, pylon and wing.
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These modifications resulted in a 1-2% increase in fuel burn for a 1-2 dB noise

reduction [8], considered a very expensive trade-off. Such sub-optimal solutions are

the unavoidable outcome of a sequential optimization process that is still the norm

in the industry (Figure 1.5).

On the emissions front, the ICAO’s Committee on Aviation Environmental Pro-

tection, at its 6th meeting in early 2004, concluded that it could not demand, for

new aircraft entering service in 2008, a reduction of aircraft NOx of more than 12%

relative to today’s aircraft [9]. The issue was not related to technology risk: existing

combustors can today attain this level of emissions performance. The reason was a

lack of information regarding interrelationships: the impact of further NOx reductions

on noise and other emissions was not fully understood. It was agreed that demanding

a reduction in one type of emissions only to obtain an increase in another — by an

unknown quantity — was not a viable solution.

Clearly, there is a need for integrating environmental considerations at an earlier

stage of the aircraft design process, and for more systematic investigation and quan-

tification of the tradeoffs involved in meeting specific noise/emissions constraints.

This research intends to contribute by proposing a conceptual design tool structured

to generate optimized preliminary aircraft designs based on specified mission param-

eters. Existing aircraft design codes were extensively modified to incorporate the

parameters required to model environmental performance. Various optimizers were

also created to explore the design space, while noise prediction codes and an engine

simulator were integrated into the automated design process.

The design tool enables users, inter alia, to evaluate the sensitivity of optimized

aircraft to variations in operating and environmental requirements, and to compare

the merits of various trade cases. Because all aspects of the aircraft are considered

simultaneously, the tool allows for truly optimal designs to be obtained (Figure 1.6).

The research also briefly explores the implications of introducing environmentally

optimized aircraft into existing fleets and route networks. It proposes a simple aircraft

allocation model that, in conjunction with the aircraft design tool, allows the user to

determine the optimal fleet mix and size of future low-noise aircraft in their fleets.
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1.3 Organization of Thesis

Chapters 2 and 3 discuss noise and emissions sources, their modeling, and potential

reduction scenarios. Chapter 4 introduces the concept, structure, and codes of the

design tool. Optimization methods are discussed in Chapter 5. The focus of Chapter 6

is a discussion of results generated by the design tool for trade studies of noise, cost,

and emissions. Chapter 7 addresses the operational considerations of introducing

lower-noise airplanes into a fleet. Finally, Chapter 8 concludes the research and

includes possible topics for future work.



Chapter 2

Aircraft Noise

2.1 Noise and the Public

2.1.1 The Noise Issue

While aircraft noise has been a problem since the beginnings of aviation (Figure 2.1),

the introduction in the late 1950s of jet-powered aircraft, with their excruciatingly

loud turbojets, led the Federal Aviation Administration (FAA) to adopt noise certifi-

cation regulations in 1971. The expansion, as well as the construction, of airports, has

brought high levels of noise to communities that had traditionally enjoyed a certain

level of serenity.

It is the responsibility of the aircraft and engine manufacturers to ensure that an

airplane meets certification standards in noise. However, communities living in the

vicinity of airports have been pushing hard for tight restrictions on total air traffic

noise, leading to additional requirements on top of certification standards.

Night operations, in particular, have been increasingly restricted. At London

Heathrow airport, for example, only the quietest aircraft are allowed to operate at

nighttime, and flights are further restricted through a points system, known as the

Quota Count system [11]. Each landing and takeoff costs points based on the certifi-

cation noise of the airplane, and the cumulative points cannot exceed a certain total

over specific time periods.

8
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Figure 2.1: Aircraft noise complaints predate mass commercial transport [10].

Consequently, during sensitive periods, the only solution to allow more flights is

to use quieter planes, with the result that airlines, especially those operating at night

(especially cargo operators), face equipment and scheduling constraints. Recognizing

the importance of such restrictions, manufacturers have adopted the London system

as a benchmark for the noise levels of their aircraft — and strive to build planes

exceeding FAA certification requirements.

The trend towards tighter noise restrictions, and stiff penalties for breaking them,

is expected to continue: in Europe, many airports charge landing and takeoff fees that

are based in part on the certification noise of the aircraft. The noise-related compo-

nent of the fees is significant, and can result in a 100% increase in takeoff/landing

fees for noisier aircraft. While such fees are currently illegal in the United States,

affected communities have used other means to demand improvements in noise levels:

in-depth environmental impact studies, covering all affected neighborhoods, are now

the norm for most airport expansions that are allowed to proceed only if the public

will not suffer a measurable increase in noise (or emissions).
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Figure 2.2: Thrust cutback on take-off: noise is displaced from the airport-neighboring
communities [12].

2.1.2 Mitigation Measures

Investing in technology to reduce noise at the source is most promising but will have

effects only in the long-term. Design decisions made today on noise performance will

only have a gradual impact due to the relatively slow renewal rate of the worldwide

airliner fleet — and the increasing lifespan of new models.

For the short term, considering the size of the current US fleet (5,100 aircraft),

and the urgent need to increase capacity at airports to meet growth in traffic demand,

the most effective method of complying with community noise regulations has been

via noise mitigation procedures that can be adopted by existing aircraft.

Thrust cutback on takeoff (Figure 2.2) has been used since the early days of the

turbojet as a method to minimize the noise exposure of adjacent communities. This

method is still widely used although it has lost some of its former importance following

the development of high-bypass turbofans whose noise emissions are less affected by

throttling than those of earlier engines. Because a fixed amount of energy is required

to bring an aircraft to cruise altitude, the total noise generated during the climb is

fixed too, so that thrust cutback during the takeoff phase primarily displaces the noise

to a different location.
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Figure 2.3: Continuous descent approach (CDA): the distance from the aircraft to
the ground is increased during descent, reducing measured noise [15].

Thrust cutbacks to lower noise in the immediate vicinity of airports are counter-

balanced by a reduction in the aircraft climb angle — increasing the area exposed to

takeoff noise — and an increase in noise when the engines are returned to full power,

that may affect other, more distant communities. As a result, thrust cutback is ideal

at airports located close to low-population density areas, such as seaside airports (e.g.

Orange County in California) where the procedure lowers noise substantially in the

vicinity of the airport, but aircraft can resume full climb rapidly, without causing

nuisance, once the ocean is reached. The ICAO and FAA allow pilots to execute

thrust cutback between the altitudes of 800 ft (240 m) and 3000 ft (900 m).

On approach, commercial aircraft fly at altitudes around 3,000 ft for extended

periods of time before intercepting the final glide slope. This has the effect of ex-

posing a large amount of ground area to aircraft noise for extended periods of time.

Considerable work is being done in developing continuous descent approaches (CDA),

in which this plateau is eliminated altogether [13, 14]. The FAA and the airlines are

in the process of certifying CDA approaches (Figure 2.3).
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2.2 Noise Metrics

2.2.1 The deciBel

The passage of air over the aircraft structure or through the powerplants causes

fluctuating pressure disturbances that propagate to an observer and are perceived as

noise. These pressure disturbances are created by airflow discontinuities that occur in

the engines — where power generation demands significant changes in pressure and

temperature — and on the airframe: high-lift devices and landing gears, as well as the

significant wetted area associated with these commercial aircraft, create considerable

turbulence.

The human ear has a highly non-linear response, and is sensitive to a wide range

of frequencies and million-fold changes to pressure levels. One of the most challeng-

ing aspects of noise abatement research is the taking into account of the observers’

subjectivity. A logarithmic unit, the deciBel (dB) was developed to measure noise

intensity, defined as the logarithmic ratio between actual sound pressure level (SPL)

and a reference value, usually the threshold of hearing:

dB = 10log10

SPL

SPLref

(2.1)

Illustrating the challenge of decreasing noise, halving the sound intensity is re-

flected by a change of only 3 dB:

dBhalf = log10(2/1) = 3.01dB (2.2)

Similarly, computing the total noise from various source underlines the fact that

reducing the noise from one source below the level of another has little beneficial

effect on total noise. For example, with two sources dB1 = 80 dB and dB2 = 95 dB,

the total noise perceived is imperceptibly louder than the loudest source:

Total Noise = 10log10(100.1dB1 + 100.1dB2) = 95.13 dB (2.3)
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Figure 2.4: ICAO certification noise measurement points.

2.2.2 Aircraft Certification Noise

For certification purposes, a commercial aircraft must meet FAA Part 36 regula-

tions, based on ICAO Annex 16 guidelines [16]. Noise certification is issued based

on measurements made at three points during the takeoff and the landing proce-

dures (Figure 2.4). Noise is recorded continuously at these points during takeoff and

landing. Time-integrated sideline, climb, and approach noise — known as Effective

Perceived Noise Levels (EPNL) — must not exceed a set limit, based on the maxi-

mum takeoff weight of the airplane and the number of engines. Jet noise typically

dominates in sideline and climb noise. On approach at low power, the use of high

bypass ratios diminishes engine contribution to noise, making aerodynamic noise a

major component.

Current aircraft must meet so-called Chapter 3 noise regulations at the time of

certification. Beginning in 2006, new aircraft will have to meet stricter Chapter 4

certification rules that dictate a cumulative noise reduction of at least 10 EPNdB

relative to Chapter 3. Community noise is typically reported in Day-Night Levels, a

metric that averages the total sound energy (in A-weighted dB) over 24 hours. DNLs

are particularly suited for reporting overall airport operations to the public because

they give a picture of the total noise exposure, including the effects of the mix of the

fleet operating from the airport, as well as runway usage and operational procedures.

Because the focus of this research is on aircraft, EPNLs are used as the noise

metric. This manufacturer-reported number is independent of airport, fleet mix and

operational factors.
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Figure 2.5: Breakdown of noise sources for a modern commercial aircraft [10].

2.3 Noise Modeling

2.3.1 ANOPP Overview

The Aircraft Noise Prediction Program (ANOPP) is a semi-empirical code that in-

corporates publicly available noise prediction schemes and is continuously updated by

NASA Langley [17]. As progress is made in the field of aeroacoustics, ANOPP is en-

hanced with the latest prediction methods. Hence, using ANOPP involves accepting

a certain technology level – all designs considered feature the same noise prediction

methodology: a “state-of-the-art” is assumed. As part of this research, three noise

sources are considered: fan turbomachinery, jet, and airframe. Other noise sources,

such as combustion, turbines, and compressors were not considered because of their

relatively minor contribution to total aircraft noise for most engines (Figure 2.5).
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Figure 2.6: Flow chart of ANOPP program modules.

A flow chart of the ANOPP system is shown in Figure 2.6. The procedure begins

by defining an atmosphere using the Atmosphere Module (ATM), followed by the

atmospheric absorption module (ABS). The steady flyover module (SFO) is used for

the approach measurement point, and the jet takeoff module (JTO)for sideline and

takeoff measurement points. The geometry module (GEO) computes the range and

directivity angles from the observer to the noise source. At this point, the various

noise sources modules are run: Heidmann’s for fan noise (HDNFAN), Stone’s for

coaxial jet noise (STNJET) and Fink’s for airframe noise (FNKAFM).

Once data has been generated by the noise source modules, the propagation mod-

ule (PRO) applies corrections to the noise data in the source frame of reference to

transfer it to the observer frame of reference. Atmospheric absorption effects are

applied at this point. The noise levels module (LEV) computes the Tone-corrected

Perceived Noise (PNLdB), and the effective noise level module (EFF) is run next to

compute the EPNdB levels used as noise metrics in this research.
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Figure 2.7: Fan broadband noise [18].

2.3.2 Fan Turbomachinery Noise

Fan turbomachinery noise includes both tonal and broadband components. The

broadband noise is generated by the movement of the fan tip within the turbulent

boundary layer close to the wall of the inlet duct (Figure 2.7). Turbulence present

in the wakes of the fan blades also contribute to the total noise. This aspect of fan

noise is expected to gain in importance, as there is a trend towards larger diameter

fan blades.

Engine manufacturers are also studying multi-stage fans in order to minimize the

fan frontal area, which has grown dramatically with increasing bypass ratios. The

resulting complications in the flow between the fan stages is considered an important

broadband noise issue. Fan trailing edge blowing could be used to delay the onset of

separation and is under consideration to reduce wake noise.

Essentially, discrete tones are generated by the interaction between airflow per-

turbations (for example, a wake) and blade stages. The pressure field generated by

each blade is unique due to very slight variations in manufacturing, fatigue, and dam-

age — the result being that the observer will hear a characteristic “buzzsaw” noise,

indicating supersonic airflow at the fan tip region, and the propagation of shocks

(Figure 2.8).
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Figure 2.8: Pressure-time signature ahead of a fan operating with supersonic tip
speed [19].

The broadband and tonal components of fan noise are predicted using a model

developed by M. F. Heidman [20]. The components include inlet broadband noise,

inlet rotor-stator interaction noise, discharge broadband noise, and discharge rotor-

stator interaction noise. The method employs empirical correlations to predict the

sound spectra as a function of frequency and directivity angle.

Inlet broadband noise is associated with random unsteadiness or turbulence in

the flow passing the blades. Sources of this unsteadiness includes turbulence in the

boundary layers, blade wakes and resulting vortices, and inlet flow effects. Acoustic

power varies inversely with the rotor-stator spacing.

The discrete tones generated due to rotor-stator interaction are linked to the lift

fluctuations on the blades. They are generated as the wakes from the blades impinges

on the guide vanes. Distortion of the inlet flow has an effect on both broadband

and tonal components; the unsteady lift that these distortions can create produce

additional pure tone noise. The discharge rotor-stator interaction tones are created

through a mechanism similar to the inlet interaction tones.
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2.3.3 Coaxial Jet Noise

Jet noise covers the sources associated with the mixing process between the engine

exhaust flow and the atmosphere, and those associated with the shocks created by

a supersonic jet. The exhaust flow is conceptually divided into three regions: the

primary (core) jet, the secondary (bypass) jet, and the mixed (merged) jet. Each

region generates a component of jet noise and has its own noise source distribution.

Lighthill’s theory shows that the fluctuating shear and normal stresses in the

exhaust mixing process causes broadband noise – and that it varies according to the

8th power of the jet velocity. For pure turbojets or very-low bypass ratio turbofans

at take-off conditions, the core jet exhaust velocity varies between 500 and 600 m/s,

and is by far the dominant source of noise. High-bypass ratio engines have greatly

reduced the contribution of core jet noise to total jet noise — exhaust velocities are as

much as 50% lower than in turbojets. For an equivalent thrust level this reduction in

velocity yields a 21 dB reduction in mixing noise, reflecting the high-power dependence

between noise and jet velocities.

Stone’s method [21] is used to predict the coaxial circular jet noise. Because

only moderate and high-bypass ratio engines with subsonic exhaust flows are under

consideration in this research, shock turbulence interference is not relevant, and this

leaves mixing noise as the only significant jet noise component.

2.3.4 Airframe Noise

With the advent of very-high bypass ratio engines, airframe noise is expected to

become the major contributor to total noise energy — and the limiting factor in

noise reduction — during approach and landing, when the aircraft is in high-lift,

high-drag configuration. While a clean airframe produces a broadband source, strong

tones may be observed due to the wing trailing edge vortex shedding. Low-frequency

tones have also been identified in association with cavities or gaps in the airframe.

Wing anti-icing exhaust vents on the Boeing 777, for example, were redesigned

to eliminate a discrete tone that was louder than either the landing gear or lifting

surfaces sources [12].
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Figure 2.9: Airframe noise sources [10].

Advances in acoustic camera technologies have greatly contributed to solving such

problems and reducing the level of “annoyance” associated with tone noise sources.

Airframe noise sources include the wings, tail, landing gear, flaps, and slats. Noise

from the boundary layer shear and vortices shedding from the landing gear, high-lift

devices, and other flow separation mechanisms contribute a significant portion of the

total aircraft noise (Figure 2.9).

In theory, the source intensity should vary according to the fifth or sixth power of

aircraft speed. Experimental studies, involving the identification and separation the

various noise sources for analysis, seem to indicate that the velocity dependence may

be of lower power dependence. Broadband noise is computed using Fink’s methodol-

ogy [22] to produce sound spectra as a function of frequency, polar directivity angle,

and azimuth directivity angle. In some cases, a significant source of airframe noise is

the sound generated by the side edges of the flaps [23, 24]. However, the version of

ANOPP used in this research does not support flap side-edge noise.
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Manufacturer Engine SLS Thrust OPR BPR

Rolls-Royce Trent 892 92,500 lbs 41.38 5.70
Pratt & Whitney PW4090 88,800 lbs 39.16 6.10
General Electric GE90-90B 94,000 lbs 39.80 8.36

Table 2.1: Data for three engines available on the Boeing 777-200ER [29].

FAA Data Predicted Error
Engine FO SL AP FO SL AP FO SL AP

Trent 892 91.50 95.70 98.30 95.10 95.07 106.86 3.60 -0.63 8.56
PW4090 93.90 98.20 99.20 96.69 95.19 108.31 2.69 -3.01 9.11
GE90-90B 94.00 97.70 99.50 96.70 95.44 108.12 2.70 -2.26 8.62

Table 2.2: FAA noise data at the three certification points for the Boeing 777-200ER
with three different engines compared to values predicted with the design tool. All
values are in EPNdB.

2.3.5 Comparison to Existing Aircraft

In order to determine the accuracy of estimating certification noise with the design

tool and ANOPP, an existing aircraft was simulated and compared to measured FAA

certification noise data.

The Boeing 777-200ER was chosen because it is offered with three engine types,

allowing for the comparison of identical aircraft with different engine thrust and

bypass ratios. Essential data for these engines is summarized in Table 2.1. Table 2.2

includes measured and predicted noise.

While the impact and trend of increasing bypass ratio on certification noise is

captured by the design tool, flyover (FO) noise is overpredicted by approximately 3-4

dB. Sideline noise (SL), on the other hand, is underpredicted by 1-3 dB. The largest

discrepancy is at the approach point (AP), where the design tool overpredicts noise

by approximately 10 dB. In this regime, fan and airframe noise dominate.

A similar trend has been reported as part of an ANOPP validation study com-

pleted by General Electric Aircraft Engines [25]. This overprediction is attributed to

the Heidmann fan inlet noise prediction method that tends to produce values 11-19

dB over those of the CF6-80C2 engine used for comparison in the report.
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The other major contributor to total aircraft noise on approach is airframe noise.

The empirical prediction method included in the version of ANOPP used in this

research is based on Lockheed L-1011 TriStar data.

2.4 Noise Reduction Scenarios

Because the focus of this research is on studying noise and emissions at the aircraft

level, the design tool can be used to study the impact of changing bypass ratio,

engine pressure ratio, or other such high-level variables on the aircraft as a whole.

As the design of the aircraft progresses, further improvements can be made via the

installation of nacelle liners and chevron nozzles, for example. Typically, these mod-

ifications do not impact the aircraft configuration as a whole, and can therefore be

considered separately during detailed design. Such improvements at the engine or

airframe-component level are the focus of programs such as the European X-NOISE

project, SILENCE(R) [26], and NASA’s Advanced Subsonic Technology Project [27]

and Quiet Aircraft Technology Program [28] in the United States.

2.4.1 Bypass Ratio

As noted earlier, jet engines produce most of the sideline and takeoff noise measured

during the certification process. It follows that engine design is critical to the noise

performance of the aircraft. Advances in liner materials and high-bypass ratio engines

have been the largest contributors to aircraft noise reduction (Figure 2.10).

The particular importance of bypass ratios in this respect is well known: increasing

the bypass ratio can have a dramatic effect on fuel efficiency, noise, and emissions.

By increasing the amount of airflow directed around the combustion chamber relative

to the amount of air passing through it, mixing between the flows on exit is increased

and exhaust velocities reduced. The result is a considerable decrease in jet noise and

overall engine noise (Figure 2.11): increasing bypass ratios from 6 to 14 results in a

cumulative noise reduction of 8 dB. These results were obtained with the design tool

developed as part of this research (Chapter 4).
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Figure 2.10: Noise reduction technologies [30].

The impact on emissions and operating costs of increasing bypass ratio is not

as obvious [31]. Figure 2.11 also illustrates the variations for optimized aircraft in

total fuel carried (that largely determines both cost and emissions performance) as

a function of the bypass ratio. While fuel consumption improves by about 9% when

bypass ratio increases from 4 to 8, it increases again when the bypass ratio exceeds 10.

The relative deterioration of the fuel consumption for high bypass engines is caused

in part by the significant parasite drag associated with their large fans. In addition,

for a given thrust requirement at cruise conditions, high bypass ratio engines will

typically have excess sea-level static (SLS) thrust. For instance, an engine with a

bypass ratio of 10 may produce about 20% less thrust at 31,000 ft than a engine with

a bypass ratio of 6 having identical SLS thrust. As a result, while high bypass ratio

engines have low noise emissions because of reduced exhaust velocities, some of this

advantage is offset by the need to increase the SLS thrust (i.e. oversize the engines)

in order to achieve the required cruising altitude thrust.

The trend of improving fuel consumption (at the engine level) with increasing

bypass ratio requires that the fan pressure ratio be optimized for each bypass ratio.
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Figure 2.11: Impact of increasing bypass ratio on cumulative certification noise and
total fuel required to complete the mission.

Taking into account engine stability and fan surge margins, the variation of op-

timum fan pressure ratio with BPR from 4 to 15 is shown in Figure 2.12, adapted

from [32].

The noise measured at each of the certification points for the same aircraft, as a

function of bypass ratio, is shown in Figure 2.13. Note that sideline and flyover noise

both gain significantly from the decrease in jet velocities associated with increasing

bypass ratios. At the reduced throttle settings required at approach, however, jet

noise is not a dominating factor. Airframe and fan noise are the most important

contributors in this regime. This is illustrated by the relatively flat approach noise

data shown in Figure 2.13. The larger fans associated with high bypass ratio engines

tend to have the high tip velocities that engine manufacturers have been able to

partially mitigate by sweeping the fan blades, for example.

Having achieved significant progress in reducing jet noise, the focus of most current

research is on reducing fan and airframe noise, currently seen as the limiting factors

in the manufacturers’ present ability to improve aircraft noise performance.
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Figure 2.12: Optimum fan pressure ratio as a function of bypass ratio [32].

Aircraft Total Thrust MTOW T/W Sideline Noise Flyover Noise
(lbs) (lbs) (EPNdB) (EPNdB)

TW1 136,808 372,539 0.367 93.41 85.46
TW2 144,808 377,903 0.383 93.33 84.97

Table 2.3: Total thrust, maximum takeoff weight, thrust-to-weight ratio, and noise
performance for two optimized designs simulated with the design tool to study the
effects of climb performance on sideline and flyover noise.

2.4.2 Climb Performance

While noise measured at the sideline certification point tends to be controlled by

thrust level, flyover noise is strongly affected by the climb performance, and therefore

the aircraft thrust-to-weight ratio [33]. This is because, all other things equal, the

effect of higher altitude over the flyover measurement point is usually stronger than

the effect of higher thrust. To illustrate these effects, the design tool was used to

simulate two 280-passenger, twin-engine, 6,000 nm range aircraft, with different total

thrust. Data for these aircraft is summarized in Table 2.3.

The additional 8,000 lbs of installed thrust (4,000 lbs per powerplant) for aircraft

TW2 translate into heavier engines, resulting in a maximum takeoff weight increase

of 1.4% relative to aircraft TW1.
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Figure 2.13: Noise measured at the three certification points as a function of bypass
ratio.

The thrust-to-weight ratio is nevertheless raised by 4.4% — design TW2 therefore

climbs faster, increasing the distance between the aircraft and the ICAO/FAA flyover

noise measurement point. Noise computed by ANOPP at this point shows that

aircraft TW2 is 0.5 dB quieter than aircraft TW1. As expected, there is no significant

change in the sideline noise, since the distance between the aircraft (during the takeoff

roll) and the sideline measurement point is fixed.



Chapter 3

Engine Emissions

3.1 Combustion

Both particulate and gaseous pollutants are produced through the combustion of jet

kerosene (products in italics stem from non-ideal combustion):

Reactants Air N2 + O2

Fuel CnHm + S

Products CO2 + H2O + N2 + O2 + NOx + UHC + CO + Csoot + SOx

The greenhouse gases carbon dioxide CO2 and water H2O are the major products.

Minor emissions formed during combustion include nitrous oxides (NOx), unburned

hydrocarbons (UHC), carbon monoxide (CO), and soot (Csoot).

3.2 Local Emissions

ICAO regulations for the landing-takeoff (LTO) cycle cover NOx, CO, unburned hy-

drocarbons, and smoke emissions [34]. During the LTO cycle, approximately 56%

of all commercial aircraft emissions are in the form of NOx (Figure 3.1). Unburned

hydrocarbons typically contribute less than 5%. In fact, significant progress in com-

bustor designs and reducing specific fuel consumption have almost eliminated the

issue of particulate matter emissions.

26
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Figure 3.1: Engine emissions as a function of throttle setting [35].

There is considerable pressure to further reduce NOx emissions from all sources,

however, due to their role in the ozone generation and destruction mechanisms.

NOx emissions are computed based on engine fuel flow (expressed in kg/s) and the

combustor emission index (EI, expressed in g of NOx formed per kg of jet fuel used),

both a strong function of power setting, during a take-off and landing cycle involving

four different throttle modes: 100% (take off), 85% (climb), 30% (approach) and 7%

(idle). Time in mode is simulated as follows: 0.7 minutes for take off, 2.2 minutes

for climb, 4 minutes for approach, and 26 minutes for taxi/ground idle. The sum

of the emissions at these four conditions (expressed in kg), calculated as shown in

Equation 3.1 below, is used to determine the amount of NOx emitted per LTO cycle.

LTO NOx =
∑

Fuel Flow × EINOx
× Time in Mode (3.1)

3.3 Emissions and the Atmosphere

Gases and particles emitted by aircraft during cruise accumulate in the atmosphere

near the busiest flight routes, mainly in the northern mid-latitudes. In addition

to altering the concentrations of atmospheric greenhouse gases, aircraft emissions

may trigger the formation of contrails, increase cirrus cover, and change other cloud

properties. The energy and water budgets of the atmosphere are therefore affected

and may contribute to climate change at the local and global scale.
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Figure 3.2: Estimates of the globally and annually averaged total radiative forcing
associated with aviation emissions for six aviation growth scenarios between 1990-
2050 [37].

Subsonic aircraft typically operate in the the region of the atmosphere that in-

cludes the upper troposphere, the tropopause, and the lower stratosphere. Because

temperature is constant in the stratosphere regardless of altitude, there is no mech-

anism to drive emissions released in the lower stratosphere or tropopause to higher

altitudes. Consequently, the residency time of the combustion products at these

altitudes is high.

The direct impact of anthropogenic gases and particles on the climate is to change

the absorption and scattering of radiation. Indirect effects that could potentially have

serious long-term consequences include chemical and physical changes of clouds and

gases, essentially modifying the greenhouse properties of the atmosphere [36].

The impact of different anthropogenic emissions on the climate can be compared

using the concept of radiative forcing. Radiative forcing is a measure of the im-

portance of a potential climate change mechanism. It expresses the perturbation or

change to the energy balance of the atmosphere in watts per square meter. Positive

values imply a net warming, while negative values imply cooling. Highlighting the

complexity of modeling the atmosphere and predicting the impact of future aircraft

technology, the six future fuel use scenarios shown in Figure 3.2 predict a 2- to 5-fold

increase in radiative forcing, depending on the assumptions.
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Figure 3.3: Cross section of a combustor liner: upper half shows diluting air holes,
lower half shows film-cooling air [41].

During cruise, CO2 emissions constitute 6% of the total mass flow emerging from

the engine, versus 0.3% for NOx and 0.04% for CO [38]. Jet fuel provides the carbon

required for the formation of CO2, the hydrogen necessary for H2O, and the sulfur for

SO2. As a result, by changing the amount of fuel required, aircraft can be configured

to meet CO2, H2O, and SO2 emissions requirements in addition to the NOx emissions,

cost, and noise constraints already discussed. CO2, H2O, and SO2 trip emissions (in

kg) are computed as shown in Equation 3.2.

Trip Emissions = Fuel Flow × Emissions Index × Trip Time (3.2)

In response to the demands for quantifying emissions generated during cruise, the

FAA is developing a System for assessing Aviation’s Global Emissions (SAGE) [39]

that will permit the computation of the total emissions generated by an aircraft fleet

over the entire mission, based on published engine emissions data.
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Figure 3.4: Temperature, equivalence ratio, and NO mass fraction as a function of
the time spent in the combustor: 0-4 ms corresponds to the primary zone, 4-10 ms
corresponds to secondary zone [41].

3.4 Oxides of Nitrogen

3.4.1 Formation

The NOx formation and destruction process predominantly takes place in the post-

flame gases, through chemical reactions involving nitrogen and oxygen atoms and

molecules that do not attain chemical equilibrium [40]. As the burned gases cool, the

reactions involving NOx freeze and leave concentrations that exceed the levels that

would correspond to equilibrium at combustor exhaust.

The fluid at the upstream end of the primary zone (Figure 3.3) consists of unmixed

compressor air and the very-fuel-rich mixture left behind the evaporative droplets.

While there is insufficient time for nitric oxide concentrations to reach equilibrium in

the primary zone, any design changes that increase the peak temperatures inside the

combustor (e.g. increasing engine pressure ratio) will bring NOx levels in the primary

zone closer to equilibrium values.

In the secondary zone, significantly more nitric oxide is formed as air is added and

the fuel-to-air equivalence ratio, φ, changes from approximately 1.2 to 0.8 (Figure 3.4).
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The most important engine variables that affect NOx emissions are the fuel-to-

air ratio and the burned gas fraction. Maximum burn temperature occurs at φ =

1.1. Here, oxygen concentrations are low, hence there is little NOx formed. As

the mixture is diluted with air, the increasing oxygen concentrations initially offset

falling gas temperatures and NOx emissions peak at φ = 0.9. This is a consequence

of the competition between fuel and nitrogen for the available oxygen: although the

combustion temperature is higher on the slightly fuel-rich side of stoichiometric, the

available oxygen is then consumed preferentially by the fuel. As dilution continues and

the equivalence ratio decreases further, the temperature drops below the minimum

required by the NOx formation and dissociation mechanisms and the chemistry is

effectively frozen.

3.4.2 Prediction

While NOx formation is mostly a function of equivalence ratio and combustion tem-

perature, obtaining this data requires detailed modeling of the combustion process

beyond the capabilities of the engine simulator (NEPP) that forms part of the frame-

work. For the level of detail required by this conceptual design tool, however, a simple

NOx model is sufficient. The correlation used here was developed as part of NASA

Glenn’s Advanced Subsonic Technology (AST) project, based on internal NASA data

and models from industry [42], and estimates the NOx emissions index for the next

generation of jet engines featuring a dual-annular, staged combustor [43]. Only the

knowledge of the flow conditions at combustor entry and outlet are required. The

correlation for the NOx emission index (g/kg) is:

EINOx
= 0.004194 T4

(

P3

439

)0.37

e
T3−1471

345 (3.3)

where P3 and T3 are the burner entrance pressure and temperature and T4 is the

burner exit temperature (units are psia and Rankine).
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Emissions EI (g/kg fuel)

CO2 3,155
H2O 1,240
SO2 0.8

Table 3.1: Emissions Index (EI) of species proportional to fuel consumption.

3.5 Fuel-proportional Emissions

Because CO2, H2O, and SO2 species production is directly proportional to the fuel

burnt, modeling these emissions only requires knowledge of fuel consumption and

fuel-specific emission indices. For jet kerosene, the emissions indices are shown in

Table 3.1.

3.6 Reduction Methods

3.6.1 Combustor and Engine Cycle

The two methods that allow a reduction in emissions at the level of the powerplant

include improving the combustor to yield a lower emissions index (that is, reduce the

amount of pollutant emitted per kilogram of fuel burned) and choosing an engine cycle

that yields lower fuel flow (to reduce the amount of fuel consumed). Increasing the

overall engine pressure ratio promotes more complete combustion, resulting in reduced

fuel flow. The trade-off is higher NOx emissions due to the increased combustion

temperature, leading to increased dissociation of nitrogen, and consequently a higher

NOx EI.

While improvements to the combustor could decrease the amount of NOx or CO2

released into the atmosphere, these are generally conflicting requirements. Typically,

changing the operating conditions or combustor configuration to reduce NOx emis-

sions increases the quantity of CO2 and unburned hydrocarbons produced [44].

In particular, as the bypass ratio of large turbofans is increased, the resulting

power requirements of the larger fan mandates that more energy must be extracted

from the low-pressure turbine.



CHAPTER 3. ENGINE EMISSIONS 33

Figure 3.5: The contrail formation mechanism [46].

This typically leads to higher pressures and combustion temperatures, and higher

NOx production. In fact, total aviation NOx emissions increased faster than total

fuel consumption over the last few decades because of the higher pressure ratios (and

therefore combustion temperatures) demanded by the more fuel-efficient high-bypass

ratio engines. Other types of emissions, however, have decreased per unit of fuel

consumption.

This increase in NOx production can be partially offset through detailed com-

bustor design, and this is beyond the scope of the present conceptual design tool.

Advanced double-annular, lean premixed, and rich/quench/lean combustors could all

be subsequently incorporated if data were made available relating design parameters

(combustion temperature, overall pressure ratio) with emissions indices.

3.6.2 Cruise Altitude Effects

Contrail formation [45] is another issue that is receiving increased attention. While

the long-term impact on climate change due to increasing water content at altitude is

uncertain, one possible solution to minimize contrails would be to decrease the cruise

altitude of commercial aircraft.
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Figure 3.6: Effect of fuel type and altitude on net greenhouse effects [47].

As shown in Figure 3.5, the formation of contrails depends on the jet exhaust

temperature (B on the figure), the ambient air temperature (A) and vapor pressure.

As the exhaust cools from B to A, intersecting the air saturation curve will result

in contrail formation. By decreasing the altitude of the aircraft, the ambient air

temperature is increased, and contrails are less likely to form.

The advantages of decreasing cruise altitude are two-fold: contrail formation would

be dramatically reduced and the net total impact of other emissions could be reduced,

as the aircraft would be operating outside of the sensitive tropopause. Figure 3.6

illustrates these effects for two fuels, kerosene and hydrogen. In the case of kerosene,

reducing the cruise altitude from 11 km to 9 km reduces the net impact of NOx by

half, because the aircraft is travelling in the troposphere, and H2O by 75%, because

contrail formation is prevented. However, the net impact of operating the aircraft at

off-design altitude, from a fuel efficiency perspective, is apparent: CO2 effects increase

by a third. A Boeing study supports this data, concluding that operating an existing

aircraft in the 747-400 class at lower altitudes would increase CO2 production by 15%

and NOx emissions by up to 25% [48]. To minimize this degradation in performance,

an aircraft would have to be designed specifically to operate at these lower altitudes.
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As a side note, although hydrogen fuel is not considered as part of this research, it

is interesting to note that, being the major byproduct of so-called “clean” combustion,

water effects would be as much as three times more important than with kerosene

fuel at a cruise altitude of 11 km.

3.6.3 Aircraft Aerodynamics

The advantages of reducing fuel flow — at the engine level — on the production of

emissions has been discussed previously. At the aircraft level, drag contributes directly

to the thrust requirements. Improving the aerodynamic efficiency of an aircraft by

reducing drag, and therefore reducing the amount of thrust required, can result in a

decrease of required fuel and related emissions.

Reducing the aircraft cruise Mach number is one solution to reducing drag, for

example. This must be carefully balanced with other mission requirements, however,

and highlights the importance of considering the aircraft as a whole.

New technologies, such as increased laminar flow and induced drag reduction

methods, are promising in their ability to increase the aerodynamic efficiency and

reduce the fuel consumption of the aircraft. These are discussed in more detail in

Chapter 6.



Chapter 4

Aircraft Performance and Design

4.1 Framework Overview

Aircraft design is an extremely complex undertaking that can involve millions of parts

and thousands of engineers. The goal of this research was to create a rapid conceptual

design tool that, although simplified, nevertheless offered the resolution required to

capture environmental concerns and would be amenable to optimization.

The design tool is composed of a library of routines used to analyze key as-

pects of aircraft design and performance, the Program for Aircraft Synthesis Studies

(PASS) [49]. The integration of these multidisciplinary analyses and the optimizer is

accomplished using Caffe [50]. The design tool can be quickly reconfigured: adding or

removing design variables, objectives, and constraints is done via a simple graphical

interface. NASA Langley’s Aircraft Noise Prediction Program (ANOPP) is used for

noise modeling, and NASA Glenn’s Engine Performance Program (NEPP) for pre-

dicting engine performance. The engine performance and noise estimation codes are

coupled to the programs that compute aircraft performance and operating cost. These

methods are well-suited for optimization due to their rapid execution and robustness.

An illustration of the framework is shown in Figure 4.1.

The design tool has been created to allow considerable flexibility in the selection of

the optimization objectives, variables, and constraints. Common objective functions

in aircraft design include takeoff weight, direct operating cost, and range.

36
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Figure 4.1: The Design Framework: the PASS aircraft design modules, noise predic-
tion, and engine simulator are coupled with an optimizer and a database manager.

Maximum certification noise and allowable emission levels can be included as con-

straints in the design tool, alongside traditional performance constraints such as range

and field performance. This approach allows the user to explicitly specify the level of

aircraft environmental acceptability: from slight improvements to ‘silent’ and ‘clean’

aircraft. Design variables include parameters pertaining to aircraft configuration,

propulsion, and mission profile. These environmental metrics can also be assigned as

objectives — one of the useful features of the framework is its ability to allow for any

parameter introduced in the database to be set as a variable, constraint, objective,

or to a fixed value.
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Figure 4.2: Artist rendering of the Boeing Blended-Wing-Body concept (The Boeing
Company).

4.2 Unconventional Configurations

The semi-empirical correlations that form the aircraft analysis modules were devel-

oped from databases of conventional commercial aircraft. As a result, unorthodox

configurations such as flying wings, blended-wing-body aircraft, or multiple lifting

surfaces and canard configurations are not attainable.

Such designs, however, would significantly change the landscape of the design

space, and possibly enable a dramatic decrease in environmental impact. Blended-

wing-body aircraft in particular, due to their higher aerodynamic efficiency and ge-

ometry (the engine inlets are shielded by the body), could offer a significant step

decrease in measured noise and emissions [51]. Such an aircraft is currently under

study at Boeing (Figure 4.2) and the Cambridge-MIT institute has selected a similar

configuration as a prime candidate for an ultra-quiet aircraft study [52].

While the design tool created as part of this research is limited to traditional

“tube-and-wing” configurations, enough flexibility is allowed in the variables to allow

for a wide variation of designs. It is also worth noting that while manufacturers

are continually investigating unconventional designs, there is always a desire to favor

traditional aircraft that pose less risk and are cheaper to develop.
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Figure 4.3: A typical commercial aircraft fuselage cross-section.

4.3 Analysis Codes

4.3.1 Introduction to PASS

The Program for Aircraft Synthesis Studies (PASS) is a commercial aircraft concep-

tual design tool based on a combination of McDonnell-Douglas methods, DATCOM

correlations, and new analyses developed specifically for conceptual design. PASS al-

lows the rapid generation of a design and contains modules to compute many aspects

of aircraft design and performance: from fuselage and wing geometry, to drag and

weight build-ups, and range and stability calculations. In addition, these codes have

been specifically designed to be integrated with an optimizer.

PASS forms the basis of a two-quarter graduate-level aircraft design course at

Stanford University taught, over the years, by Professors Richard Shevell, Ilan Kroo,

and Juan Alonso. Extensive details of the methods introduced below may be found

on the AA241 Aircraft Design: Synthesis and Analysis website [53].
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Figure 4.4: The cabin length is a function of the number of passengers, seating
arrangement, and safety requirements.

4.3.2 Geometry

The fuselage geometry is determined by first selecting a cross-section layout — while

drag is an issue, airline requirements are usually a dominating factor, and a compro-

mise with the aircraft manufacturer is reached early in the design phase.

Most fuselage cross-sections are circular in shape (Figure 4.3). This eliminates

corners, hence the flow will not separate at moderate angles of attack or sideslip.

A circular cross-section is also desirable due to pressurization, as it will resist the

loads with tension stresses, instead of the more severe bending loads inherent to non-

circular shapes. The fuselage cross-section, at this early stage of design, is a function

of the seat and aisle width, the seating arrangement, and the floor height, usually

determined by the underfloor cargo requirements [54]. Airlines may request that a

certain type of container be carried as underfloor payload, and this may drive the rest

of the cabin cross-section geometry.

Once the cross-section geometry and total number of passengers have been deter-

mined, the cabin length calculation is based on seat pitch, cabin amenities, and safety

requirements (Figure 4.4). Lavatories, service, and attendant seats must be included.

In addition, emergency exits must feature clear aisles that may increase the overall

length of the fuselage — these requirements are described in FAA Federal Aviation

Regulation (FAR) Part 25 [55].



CHAPTER 4. AIRCRAFT PERFORMANCE AND DESIGN 41

Each wing geometry parameter affects drag and structural weight as well as

stalling characteristics, fuel volume, field, climb, and cruise performance, and many

other important characteristics. The overall geometry of the wing is obtained from

wing reference area, span, quarter-chord sweep, taper, and leading and trailing edge

extensions [56].

4.3.3 High-Lift Systems

A wing designed for efficient high-speed flight requires a different geometry from

one designed to provide good take-off and landing characteristics — field lengths are

strongly influenced by aircraft stalling speed. It is of course not desirable to cruise

with an oversized wing designed for low-speed operation. Other methods of reducing

the stalling speed (and therefore improving the field performance of the aircraft)

include reducing weight or increasing the maximum lift coefficient of the wing — the

latter being the primary purpose of high-lift systems.

Estimating the maximum lift coefficient (CLmax
) is one of the more difficult aspects

of aircraft design: it is crucial to sizing the aircraft and accurately computing the

aircraft field performance. High-lift systems involve flow that is viscous, compressible,

and highly three-dimensional. While the “critical section” method is often used in

estimating CLmax
, it must be formulated to include some three-dimensional effects

around the flap side edges. This is because, according to this method, the sections

outboard of the flaps will stall first, while in reality their maximum lift coefficient is

increased due to the complex flow geometry around the flaps. It is therefore difficult

to obtain accurate maximum lift coefficient values using the critical section method.

In the case of conceptual design, before the lift distribution is computed, it is still

possible to make a rough estimate of the maximum lift capability of the aircraft. The

method used here involves first computing the maximum lift coefficient of the airfoil

and “clean” wing. This is done by estimating the outer-panel lift coefficient and

then correcting for the geometry of the wing, including taper ratio and sweep effects,

using correlations. At positive wing sweep angles, increasing taper ratio increases the

clean-wing lift coefficient.
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The deployment of slats suppresses the leading-edge pressure peak by modifying

the nose camber, and the gap that is introduced between the device and the wing

leading edge re-energizes the boundary layer. As a result, the section lift coefficient

is increased dramatically. The specific increase in CLmax
varies based on the design

of the slat, deflection angle θslat, wing sweep, and gap size. For the purposes of this

conceptual design work, the value is estimated based on data from Douglas [57].

Trailing-edge flaps change the airfoil pressure distribution by increasing the effec-

tive camber of the airfoil and allowing more of the lift to be carried over the rear

portion of the section. The result is that for a given angle of attack, the lift pro-

duced is greater than without these trailing-edge devices. Higher lift coefficients are

obtained with slotted flaps: the boundary layer is re-energized after travelling over

the rest of the airfoil.

4.3.4 Weights

In the conceptual phase, before the detail design of the hundreds of thousands of

parts that will eventually form the airplane, little data is available to estimate the

structural and operational weights of the aircraft — there are no drawings of the

details. The conceptual design engineer can only create a 3-view drawing and some

approximate specifications. The rest of the design remains undefined.

The method employed here involves the “build-up” of the weight from the various

components: structural analysis and statistical comparisons are combined, with the

complexity of the analysis dependent on publicly available information [58].

Wing weight is a function of the fully-stressed bending weight of the wing box

and includes the effect of total wing load at the ultimate load factor, span, average

airfoil thickness, taper, sweep, and gross wing area. The correlation used is based on

data from 15 existing transport aircraft.

The horizontal tail weight, including elevators, introduces both exposed and gross

horizontal tail areas as well as the tail length — the distance from the airplane center

of gravity to the aerodynamic center of the horizontal tail. The rudder is assumed to

occupy 25% of the total vertical tail area and weighs 60% more per unit area.
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The weight of surface controls, used for surface actuation, depend primarily on

the area of the horizontal and vertical tails.

Fuselage weight is based on gross fuselage wetted area and a pressure-bending load

parameter. To account for the distributed support provided by the wing, the effective

fuselage length is taken to be the actual fuselage length minus half the wing root chord.

From existing aircraft data, the landing gear weight is typically approximately 4.0%

of the take-off weight. This includes structure, actuating system, and the rolling

assembly consisting of wheels, brakes, and tires.

The propulsion system weight is about 60% greater than that of the dry engine

alone. The engine structural section, or nacelle group, and the propulsion group that

includes the engines, engine exhaust, reverser, starting, controls, lubricating, and fuel

systems are handled together as the total propulsion weight. This weight also includes

nacelle and pylon weight. The engine dry weight is computed using correlations based

on sea-level static thrust, fan diameter, and engine pressure ratio.

The auxiliary power unit (APU), used to power the aircraft on the ground, is part

of the main engine starting mechanism. APU weight is correlated to the passenger

capacity of the aircraft. The weight of instruments and navigational equipment,

hydraulics and pneumatics lines, electrical systems, electronics, cabin furnishings, air

conditioning, anti-ice systems, passengers, cabin and flight crew, and passenger cargo

are all included.

4.3.5 Loads

V-n diagrams (Figure 4.5) are used to determine the maximum aircraft loads as a

function of airspeed, altitude, and weight. Two diagrams are created: the maneuver

diagram for variations in the load factor with airspeed for maneuvers and the gust

diagram associated with vertical gusts that must be evaluated over a range of speeds.

Loads associated with vertical gusts are also evaluated over the range of speeds,

using a method detailed in the FAR Part 25 regulations. Because the design speed

for maximum gust intensity is determined by the gust loads, the process is iterative

— various speeds must be considered.
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Figure 4.5: Maneuver and gust V-n diagrams.

The FAR Part 25 equation is the result of considering a vertical gust of specified

speed and computing the resulting change in lift. The associated incremental load

factor is then multiplied by a load alleviation factor that accounts primarily for the

aircraft dynamics in a gust. The FAA also specifies the magnitude of the gusts to be

used as a function of altitude and speed.

4.3.6 Drag

Parasite Drag

During cruise, the parasite drag of a commercial airplane consists mainly of the

skin friction, roughness, and pressure drag of the major components. These include

the fuselage, the wing, winglets, and the horizontal and vertical tails. Additional

contributors include the fuselage upsweep, gaps in the control surfaces, nacelle base

drag, and miscellaneous items. Drag is computed based on the flight conditions of

the aircraft, taking into account both Reynolds and Mach number effects.

An overall markup is added to skin friction drag to account for drag increments

associated with roughness resulting from smaller items, such as rivets, small gaps, and

other construction details. This markup factor has been estimated from flight-test

parasite drag. Drag assigned to roughness also includes interference drag, trim drag,

drag due to unaligned control surfaces, drag due to landing gear door gaps, and any

excess drag of the individual surfaces.
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The parasite drag associated with skin friction and pressure drag is determined

by incrementing the flat plate results by a factor to account for pressure drag and

surface velocities greater than the free-stream.

Most turbofan engines maintain a gap between the engine nozzle and nacelle,

where flow separates and creates additional drag. The drag due to the upward cur-

vature of the aft fuselage is the combination of a fuselage pressure drag increase and

a drag increment due to loss of lift. Consequently, the airplane must fly at a higher

lift coefficient to compensate for this loss, resulting in further induced drag.

In addition to these basic drag components, the drag associated with the envi-

ronmental systems (miscellaneous inlets and exhausts) and various manufacturing

artifacts (rivets, bolts, etc) can be included in the total drag. While it is impractical

to account for every last protuberance on the airplane separately, the drag contribu-

tion of some of these items can be significant. In the case of this research, at the

conceptual design stage, the design of the airplane has not progressed to the point

where the drag of these miscellaneous items can be calculated — however, based on

existing aircraft data, the drag of these miscellaneous items can be assumed to be

about 1.5% of the total airplane parasite drag [59].

Lift-Dependent Drag

Lift-dependent drag is a function of wing twist and planform. The viscous component

is due to the increase in skin friction and pressure drag with varying angles of attack.

Since the data required for a detailed drag breakdown is usually not available in

preliminary design, all airplanes are considered to be geometrically similar to existing

designs. Other effects that are not taken into account during the conceptual design

phase include fuselage vortex drag, nacelle-pylon interference, and changes in trim

drag with angle of attack.

The added lift-dependent drag caused by the modification of the span loading due

to the presence of the fuselage is taken into account, as is the interference drag of

the wing/tail system (using the Prandtl biplane equation). The viscous part of the

induced drag is approximated by a parabolic variation with the lift coefficient.
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Compressibility Drag

Compressibility drag consists of the increase in the airplane drag coefficient at Mach

numbers greater than approximately 0.5. This includes any variation of the viscous

and vortex drag with Mach number, shock-wave drag, and any drag due to shock-

induced separation.

The method for estimating compressibility drag involves estimating the crest-

critical Mach number (Mcc), that is the freestream Mach number at which the compo-

nent of the local Mach number at the crest first reaches 1.0 [60]. At this early stage of

the design process, the detailed airfoil pressure distribution is not available. However,

Mcc may still be estimated, as a function of airfoil mean thickness ratio, quarter-chord

sweep, and aircraft lift coefficient. These correlations are based on studies of various

“Peaky” airfoils. A supercritical section might achieve a drag divergence Mach num-

ber increment of 0.06 beyond a “Peaky” airfoil. Once the crest-critical Mach number

is estimated, the compressibility drag rise can be computed.

4.3.7 Static Stability and Trim

The pitching moment about the center of gravity must become negative as the lift

coefficient is increased. The airplane lift curve slope includes contributions from the

wing and the horizontal tail — these are determined using a DATCOM correlation.

Once the isolated tail lift curve slope is computed, it is corrected to account for the

presence of the wing and the fuselage which produce downwash on the tail. Trim is

achieved by setting the incidence of the tail surface to obtain zero pitching moment.

Given a stability constraint and a trim requirement, the location of the center of

gravity is located and the tail lift is adjusted for trim. The lift from each interfering

surface is then computed, along with the combined drag of the system.

4.3.8 Performance

Takeoff field length is very often a critical design constraint. The calculation of take-

off field length involves the computation of the distance required to accelerate from

full stop to the required take-off speed, plus a climb segment.
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Determining the takeoff distance involves multiple scenarios, such as acceleration

on all engines, acceleration with one engine inoperative, deceleration after engine

failure, and climb with one engine inoperative. Spoilers, the braking system, and

rudder will, as a result, affect the FAR take-off field length. For the purposes of this

preliminary design tool, correlations of the primary design parameters with actual

demonstrated performance are used. Fits of the FAR field length requirements of 2,

3, and 4 engine jet aircraft are used to estimate takeoff field length.

The FAR landing field length is defined as the actual demonstrated distance from

a 50 ft. height to a full stop increased by 67%. A correlation, based on the aircraft

stall speed, is used to compute landing field length. Mechanical devices, such as

spoilers, are crucial in minimizing landing distances by greatly decreasing the lift —

the objective is to land the aircraft early so the wheel brakes can be applied.

Constraints on aircraft climb performance are also specified in the federal air

regulations. These include a minimum landing climb gradient with all engines run-

ning, and minimum climb gradients with one engine inoperative during three take-off

segments, an approach segment, and an enroute case. When computing FAR 25

climb performance, the effects of engine-out include a decrease in thrust, the addition

of windmilling drag from the inoperative engine(s), and a drag markup due to the

increase in rudder and aileron drag associated with counteracting the asymmetric

thrust. During the take-off and early climb, the flap and slat drag is taken into ac-

count. In the case of engine-out, the aircraft drag is also corrected for the additional

trim drag.

The calculation of aircraft range requires that the entire flight profile be described.

A typical mission is illustrated in Figure 4.6. For the purposes of this conceptual

design tool, the equivalent still-air range (no wind) is computed from a simplified

mission profile (Figure 4.7). The fuel required for warm-up, taxi, take-off, approach,

and landing segments — maneuver fuel — is estimated as 0.7% of the take-off weight.

For approximate calculations, the additional fuel required to climb to altitude (as

compared with cruising the same distance at the cruise altitude) can be approximated

by adding an increment to the total cruise fuel. This increment has been estimated

for a variety of aircraft, including the Douglas DC-9-30, DC-8-62, and DC-10-10 [62].
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Figure 4.6: A typical commercial aircraft flight profile [61].

Figure 4.7: Simplified commercial aircraft flight profile [61].

Descent requires slightly less fuel than would be required to cruise the same dis-

tance at the final cruise speed and altitude. Hence, in this simplified computation,

the cruise extends to the destination airport and the mission is completed at the final

cruise altitude. The difference between initial and final cruise weights is the amount

of fuel available for cruise. The cruise range of the aircraft is computed given takeoff

weight, zero-fuel weight, fuel weight, and engine specific fuel consumption. The range

factor is assumed to vary linearly during flight.

4.3.9 Operating Cost

Employing an appropriate cost metric is crucial to understanding the impact of noise

and emissions on the aircraft. Total operating cost (TOC) contains direct operating

cost (DOC), associated with the direct operation of the aircraft, and indirect operating
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Airbus A320 Boeing 767-300ER

Range (n.miles) 2,800 5,500
Pax. Capacity (2-class) 150 260
Wing Span (ft) 112 156
Takeoff Field Length (ft) 6,430 8,900

Table 4.1: Mission requirements and characteristics of the Airbus A320 and Boeing
767-300ER used for comparison with PASS [66].

Airbus A320 Boeing 767-300ER
Actual PASS % Error Actual PASS % Error

MTOW (lbs) 162,040 156,173 3.6 401,000 399,763 0.3
SLS Thrust (lbs) 54,000 51,516 4.6 120,000 123,086 2.6
Wing Area (ft2) 1,320 1,313 0.5 3,050 2,829 7.2

Table 4.2: Comparison of existing aircraft with designs simulated with PASS using
identical mission requirements.

cost (IOC), including items that support the operation of the aircraft indirectly.

The most common method of comparing the cost effectiveness of commercial air-

craft is direct operating cost. Equations for estimating the comparative direct oper-

ating costs have been generated by the Air Transportation Association of America

(ATA) and are used in the design tool [63]. These equations have been periodically

revised by the ATA to match current data. Direct operating cost includes crew costs,

maintenance, airframe and engine costs, and depreciation and insurance. To deter-

mine aircraft cost, Douglas DC-10 data is used and modified by a weight correction

factor to take into account advances in composites and alloys [64].

Indirect operating costs includes the costs that are not directly connected with

the actual flight of the aircraft. The following are included: aircraft ground handling,

landing fees, service, passenger handling, sales, cargo handling, commissions, adver-

tising, and administration. The value of each of these can only be estimated from

statistics and a method developed at Douglas is used here [65].
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4.3.10 Comparison to Existing Aircraft

In order to estimate the accuracy of PASS, an Airbus A320 and a Boeing 767-300ER

were simulated. Mission requirements were set as constraints (Table 4.1), and the

optimizer was run to obtain the lowest-cost designs that meet these requirements.

Data is summarized in Table 4.2. Overall, PASS accurately estimates the takeoff

weight, maximum thrust, and wing area of the two aircraft. Variations may be due

to difficulties in capturing trends in cabin furnishing weight, alloy and composite

content, and the details of the high-lift devices.

4.4 NASA’s Engine Performance Program (NEPP)

4.4.1 Overview

Developed at NASA Glenn, NEPP is a 1-D steady thermodynamics analysis program.

At the design point, NEPP [67] automatically ensures continuity of mass, speed, and

energy by varying the scale factors on the performance maps for the compressor and

turbine components. Off-design operation is handled through the use of component

performance tables and minimization of work, flow, and energy errors. The engine is

then balanced by altering free variables of available components.

Variable controls can also be used to obtain a certain performance. For example,

airflow or combustion temperature can be varied to reach a desired thrust level.

Controls are also used to limit and optimize engine parameters. For the purpose of

the design tool, the range of variables has been selected to accommodate technology

that would be available by the end of the decade, including increased combustion

temperatures and higher turbomachinery efficiencies — for instance, bypass ratios

ranging from 4 to 15 are acceptable (in this study, bypass ratio is calculated at sea-

level static thrust conditions).
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Figure 4.8: NEPP engine diagram.

4.4.2 Comparison to Existing Engines

As part of the NASA-MIT-Stanford Environmental Design Space (EDS) project, ex-

isting engines were simulated with NEPP for assessment purposes [68]. Specific fuel

consumption at takeoff and cruise conditions was selected as the output metric of

interest. Three engines were considered as part of this NEPP assessment study, re-

flecting various thrust classes and bypass ratios: the CFM56-5A1, the General Electric

GE90-90B and the Pratt & Whitney PW4056. Relevant data is shown in Table 4.3.

A series of Monte Carlo simulations was run, with the input data sampled from

Gaussian distributions. Results for takeoff thrust specific fuel consumption (TSFC)

are shown in Figure 4.9.
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Variable CFM56-5A1 GE90-90B PW4056

BPR (at SLS conditions) 6.00 8.36 4.70
OPR 26.60 39.38 29.30
TO Mass Flow Rate (lbs/s) 852 3,195 1,705
TO Fuel Flow Rate (lbs/h) 8,333 26,572 19,445
TO Thrust (lbs) 25,000 94,000 56,750
TO TSFC (1/h) 0.333 0.283 0.343

Table 4.3: Reference engine specifications [68].

With 95% confidence, NEPP exactly predicted published engine performance for

the three engines. This confidence interval, however, shows significant variability

depending on the engine: in this region, specific fuel consumption can be as much

as 15% underpredicted for the CFM56, 15% overpredicted for the GE90, and 10%

underpredicted for the PW4056.

NEPP accurately captures the performance of the PW4056 and only marginally

captures the performance of the CFM56 and the GE90 at takeoff. Sensitivity studies

show that for the GE90, changes in the input distribution means and standard devia-

tions could shift the output mean and confidence interval away from the zero-percent

error mark. The complex flow schedules of the CFM56 and GE90 are not simulated

in NEPP — one reason why results for these two types were not as satisfactory.

4.4.3 On- and Off-design Operations

The engine design point is determined by running NEPP at sea-level static (SLS)

condition, given combustor exit temperature, overall pressure ratio, desired sea-level

static thrust, bypass ratio, and fan pressure ratio. The engine is run off-design for a

variety of conditions, as required for noise prediction, emissions, and overall aircraft

performance (Figure 4.10).

At off-design, for example part-power operation, the engine must be balanced

using a free variable: burner exit temperature (T4) is decreased to obtain the desired

fraction of maximum thrust.

To determine the amount of thrust available at cruise conditions, for example, the

process is as follows:
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Figure 4.9: Error in computed takeoff TSFC distribution relative to published
data [68].

Run 1: Engine at SLS conditions (Alt = 0, Mach = 0, T4 = max T4).

Run 2: Automatically vary T4 until desired cruise thrust is obtained.

Run 3: Run at T4cruise
obtained in Run 2 at cruise conditions.

PASS also requires available thrust and fuel consumption at various conditions to

compute overall aircraft performance. Engine out performance is required to meet

emergency climb requirements.
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Figure 4.10: ANOPP and NEPP integration in the framework.



Chapter 5

Optimization Methods

5.1 Aircraft Design Optimization

In aircraft design, there is typically a need to minimize or maximize some aspect of

the aircraft’s performance, for example range or operating cost. It is therefore not

surprising that multidisciplinary optimization has been successfully applied to air-

craft design at all stages of development, including supersonic aircraft conceptual de-

sign [69], sonic boom minimization [70], detailed propulsion-airframe integration [71],

and high-fidelity aero-structural optimization of business jets [72], to name just a few

examples. In addition, specialized methods have been developed to explicitly capture

the particularities of aircraft design including collaborative optimization [73, 74] and

graphical interfaces for design space exploration [49].

At the conceptual design stage, optimizing future commercial aircraft for environ-

mental as well as operating performance requires a holistic approach that recognizes

the inherently multidisciplinary nature of airplanes, and can consider simultaneously

variables and constraints from all relevant disciplines.

Because it is crucial in aircraft design to explore the sensitivity of various ob-

jectives and the inevitable inter-disciplinary tradeoffs, the emphasis of this section

is on optimization methods that easily accept changes in variables, constraints, and

objectives, and propagate them through the multidisciplinary design process, causing

other relevant variables to adjust and restore the design to a new optimal state.

55
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5.2 Single and Multiobjective Optimization

A single objective optimization problem can be formulated as follows [75]:

Minimize f(x)

where f : x ∈ Ω ⊂ <n → <

subject to g(x) ≤ 0, h(x) = 0

Ω is the search space, and f(Ω) is called the objective space. The inequality

constraints g and equality constraints h, must be satisfied.

There are two types of multiobjective optimization problems: cooperative and

competing. The optimum solution to a cooperative problem, similarly to single ob-

jective optimization, is a single point. When two or more objectives are competing,

however, an improvement in one objective causes a degradation in another: a trade-

off must take place. The outcome is a finite population of solutions that cannot

be decided between because each of these points is better than the others in some

objective(s), and worse in the other objective(s). The formulation is as follows:

Minimize f(x)

where ∀f : x ∈ Ω ⊂ <n → <

subject to g(x) ≤ 0, h(x) = 0

In multi-objective space, there is no ordering of solutions as there is in single

objective space. Instead, comparing solutions is based on whether one solution dom-

inates another. Solution x1 is said to dominate solution x2 if both conditions below

are true [76]:

1. The solution x1 is no worse than x2 in all objectives.

2. The solution x1 is strictly better than x2 in at least one objective.

When x1 dominates x2 (or, conversely, x2 is dominated by x1) the design correspond-

ing to x1 is intrinsically better than the one corresponding to x2.
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Figure 5.1: An example 2-objective minimization problem.

In cases where x1 does better than x2 against some objectives and x2 does better

than x1 against other objectives, neither solution dominates the other. They are both

non-dominated by the other (but can of course be dominated by other solutions).

The set of solutions that are non-dominated by any other solution is called the

non-dominated set, or Pareto-optimal set. These solutions correspond to the optimal

trade-offs between the various objectives, under the parameters and constraints spec-

ified for the problem: any solution in the Pareto Set showing a better score against

one objective than another solution inevitably scores worse against another objective.

Figure 5.1 illustrates the concept of Pareto dominance for a problem with two

objectives to be minimized. Of the eight solutions to this problem shown in the

figure, only four belong to the Pareto Set. Together, they form a Pareto front.

5.3 Selecting an Optimizer

Selecting the best optimizer for a real-variable problem is dependent on many factors:

1. Type of objective

2. Topology of the objective space

3. Number of variables

4. Single- or multi- objective
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If the objective can be computed analytically, efficient algorithms such as the

adjoint method can be used [72]. However, the use of ANOPP and NEPP in this

design framework precludes this approach because of the noise such ‘black box’ codes

add to the objective function.

The topology of the objective can have a significant impact on the choice of an

optimizer, and gradient methods are most amenable to smooth objective functions.

Using sensitivities, these methods can be very efficient, requiring considerably fewer

function evaluations than non-gradient methods that only compare objective function

values. However, because of the multiple-input, single-output functionality of some

of the codes used in the design framework (such as ANOPP) the impact of changing

one or more inputs on the output can be difficult to trace (Figure 5.2), and this makes

some of the objective functions considered as part of this research not amenable to

gradient-based methods. For example, if applied to multi-modal or noisy objectives,

gradient methods would have a high probability of converging to local minima. Non-

gradient methods, on the other hand, are relatively less efficient, but they can handle

any type of topology – there is no requirement of “smoothness”.

While non-linear n-dimensional Simplex methods work well with relatively low

numbers of variables (up to 8), other methods, in particular population-based ones,

are more robust and reliable for the size of problem explored in this research (12-

14 variables). Instead of progressing towards the extremum one solution at a time,

population-based algorithms employ a set (or population) of solutions. The advantage

is that, if the population is initiated correctly, large portions of the design space can

be explored simultaneously. Population-based methods tend to be computationally

expensive, but they can handle large number of variables and offer a level of robustness

not found in sequential methods: in particular, convergence to local extremes can be

avoided. Population-based algorithms are the ones most appropriate for the type of

optimization problems addressed here. Genetic algorithms, described in more detail

in section 5.4 below, are the particular kind of population-based optimizers used for

this research.

Finally, there are three approaches to multiobjective (multi-criteria) optimization:

weighted composite functions, the ε-constraint method, and population ranking.
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Figure 5.2: ANOPP numerical noise.

In the case of weighted composite functions, a surrogate objective is created via a

linear combination of the objectives. This involves assigning a “preference”, or weight

wi, to each objective fi depending on the priority of each objective in the analysis.

The problem is essentially reformulated as a single objective (F ) problem:

F =
∑

i

wifi (5.1)

If the weights assigned to some objectives are value ranges rather than fixed values,

multiple optimization runs will be required to obtain a Pareto set.
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The ε-constraint approach involves constraining all but one of the objectives fi to

a desired value Ci and repeatedly running the optimizer with a single objective fj:

min fj (5.2)

subject to fi = Ci ∀i 6= j (5.3)

As with the weighted composite function method, this method is computationally

expensive and may require a large number of iterations before a satisfactory Pareto

set is obtained.

The third approach, population ranking, is particularly well suited to relatively

large-scale multiobjective problems. Because multiple solutions are evaluated simul-

taneously, the Pareto set can be scanned effectively with a limited number of gener-

ations.

5.4 Multiobjective Genetic Algorithm

5.4.1 Overview

Genetic algorithms (GA) mimic nature’s evolutionary principles to drive a search

towards an optimal solution [77]. One of the main differences with traditional search

algorithms is that genetic algorithms work with a population of solutions (aircraft

designs in the context of this research) instead of a sequence of single solutions. At

each iteration, GAs produces a new population of solutions that move towards the

optimum through a generational process of selection and elimination.

If the problem has a single optimum, all GA population members quickly converge

to the optimum. In the case of multiple optimal solutions, typical of multiobjective

problems, GAs converge towards a final population (the quality of which does not

improve through further iterations) that captures all optimal solutions. Multiobjec-

tive GAs have been found particularly successful for optimization scenarios involving

noisy objectives: for instance, to study the trade-offs between sonic boom and drag

in supersonic aircraft [70].
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Figure 5.3: An example multiobjective genetic algorithm.

A metric is required to evaluate the relative fitness of each solution produced at

each iteration of the GA. A ranking is used for this purpose, based on the dominance

concept introduced earlier [78].

Each solution is checked for domination in the population. The rank ri of solution

i is equal to one plus the number of solutions ni that dominate solution i:

ri = 1 + ni (5.4)

At each iteration, the non-dominated solutions are therefore assigned a rank of 1,

and form the Pareto set of that generation. The Pareto set obtained from the final

population constitutes the set of optimal solutions to the problem.
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Figure 5.4: Reproduction scheme for generating children C1 and C2 from parents P1

and P2.

5.4.2 Generational Selection and Elimination

A typical multiobjective genetic algorithm is illustrated in Figure 5.3. The first step

is to initiate and evaluate a first population (Box 1), that spans the design space. A

random process is normally used to generate this population.

Many ‘reproduction’ methods are available to produce the next generation of

solutions. In the case illustrated in Fig 5.3, a mating population is determined at

random (Box 2), and each pair of parents P1, P2 generates two children C1, C2 (Box

3): one child is created by interpolating between the two parents and the other by

extrapolating towards the “fitter” parent (Figure 5.4). To maintain diversity in the

population, mutation can be added to the children members as they are generated

(Box 4). After the children are evaluated and ranked (Box 5), a tournament takes

place in every family, the best child (lower rank) being added to the population

for the next reproduction cycle (iteration of the GA) and the worst parent (higher

rank) being removed from the population. The above results in a population that

remains of constant size through successive generations (or iterations of the GA —

Box 6). The entire population is then evaluated and ranked, and the Pareto set

of non-dominated solutions (that is, Rank 1 solutions) is identified (Box 7). Next,

the reproduction process begins all over again with the updated population, and the

selection/elimination process is repeated, each generation of solutions representing a

gradual iteration towards the optimum.

In order to maintain diversity among non-dominated solutions, niching is intro-

duced. The concept is to enforce a “minimum distance” between solutions of same

rank to avoid clustering around local extrema and ensure that the solution population

fills the available design space.



CHAPTER 5. OPTIMIZATION METHODS 63

The normalized distance between two solutions i and j of same rank is used as

metric for this purpose. It is defined as :

dij =

√

√

√

√

∑

k

(

f i
k − f j

k

fmax
k − fmin

k

)2

(5.5)

Where fmax
k and fmin

k are the maximum and minimum objective function value of

the k-th objective, respectively.

The niche count is calculated by summing the sharing function values across all

solutions of rank ri. σshare is set by the user (typical values are 0.2-0.6).

nci =
∑

j∈ri

Sh(dij) (5.6)

Sh(dij) = 1 −
dij

σshare

, if dij ≤ σshare

= 0, otherwise.

Finally, the shared fitness F ’

i of solution i is computed and substituted for raw

fitness Fi:

F ’

i =
Fi

nci

(5.7)

Through the generations, the genetic algorithm drives the population towards

better solutions. Eventually, the quality of the population stops improving and the

resulting Pareto set contains the optimal solutions. This is illustrated in Figure 5.5.

In this example, a 200-seat, 6,000nm range aircraft is optimized simultaneously for

both minimum cost and maximum cruise Mach number. With each generation, the

Pareto front is pushed towards higher Mach numbers and lower costs. Eventually,

the front no longer progresses and the set of optimal trade-offs between Mach number

and cost is obtained.
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Figure 5.5: The Pareto front indicates the set of non-dominated solutions in a given
generation. The optimization process drives the population towards their optimal
values.

One of the issues with multiobjective genetic algorithms is the lack of true con-

vergence criteria. The Pareto set simply indicates the best solutions of a given gen-

eration, but gives no indication of whether global optimality has been reached. The

population average rank is a commonly used measure to gauge progress towards the

optimal population — an average population rank of 1 would indicate that all popu-

lation members are non-dominated and lie on the Pareto front.

5.4.3 Handling Constraints

Constraints are an integral part of any engineering problem. In the case of a genetic

algorithm-based optimizer, two common methods of handling constraints are:

1. Rejecting the population member that violates one or more constraints

2. Penalizing the member by decreasing its fitness, therefore increasing rank.

The first method requires generating a new population member to replace the one

that is rejected.
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This can be quite time consuming, especially for early generations, in which a large

portion of the population might contravene constraints due to the random nature of

the initial population.

As a result, the preferred method involves applying a penalty to each objective i

of the population member that violates one or more constraints j. Thus, an infeasible

design solution will be recast as a feasible one, albeit with a lower fitness, meaning

that it will be less likely to be selected for the next generation. We write:

fi(x) = fi(x) +
∑

j

rjGj +
∑

j

tjHj

where Gj and Hj are penalty functions of the inequality and equality constraints

gj and hj, respectively:

Gj = max(0, gj(x))a

Hj = |hj(x)|b

The parameters a and b are set by the user. Selecting the appropriate rj and

tj penalty parameters is crucial: a penalty that is too heavy could reject design

solutions that point towards the optimum despite being marginally in contravention of

some constraints. Conversely, penalties that are too light will not eliminate infeasible

solutions that will be perpetuated in future generations. One method is to set the

penalty function to one order of magnitude greater than the raw objective.

5.4.4 Sensitivities

While the Pareto fronts generated during the multiobjective optimization process are

typically used to estimate sensitivities in the objective space — such as the impact

of increasing Mach number on operating cost, seen previously — they offer limited

information on sensitivities in the variable space.

As an example, three adjacent designs are selected from the 200th generation of

the Max Mach number — Min cost optimization problem (Figure 5.6).
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Figure 5.6: Three non-dominated designs are selected to explore variable-space sen-
sitivities.

Objectives Variables
Design Max. Min. MTOW SLS Thrust BPR

Mach # Cost (lbs) (lbs)

1 0.916 550.7 523,682 91,759 8.62
2 0.917 551.6 525,706 91,761 8.44
3 0.919 552.1 527,834 91,995 8.75

Table 5.1: Objective and variable data for the three aircraft selected for the sensitivity
study.

Data for these aircraft, including values for three of the design variables, is sum-

marized in Table 5.1.

The higher drag associated with flying faster demands greater thrust and more

fuel: both maximum takeoff weight (MTOW) and sea-level static (SLS) thrust per

engine increase as the cruise Mach number is raised. The three designs support this

trend. On the other hand, there is no clear trend for the third variable, bypass ratio

(BPR). This is typical of variables that are not tightly coupled to the objectives —

while thrust and weight directly affect the cruise performance of the aircraft, the

impact of bypass ratio in this study is secondary.
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Because solutions are solely manipulated by the optimizer based on objective

information, any trend that emerges in the variable space is a by-product of the

optimization process. A clear trend for variables that have a weak impact on the

objectives may not emerge until a significant number of generations has been com-

pleted. In the case of bypass ratio, it is very probable that a monotonic trend would

emerge following additional generations.

5.4.5 Example: a 2-objective constrained problem

To illustrate the performance of the multiobjective genetic algorithm in solving a

constrained problem, the following example problem was solved:

Minimize: f1 = 4x2

1
+ 4x2

2

f2 = (x1 − 5)2 + (x2 − 5)2

Subject to: c1 = (x1 − 5)2 + x2

2

c2 = (x1 − 8)2 + (x2 + 3)2

c1 ≤ 25, c2 ≥ 7.7

0 ≤ x1 ≤ 10, 0 ≤ x2 ≤ 10

The population of 20 solutions for select generations is shown in Figure 5.7. Start-

ing from a random initial population (Figure 5.7a), the majority of solutions violate

the constraints. Applying the penalty method described above, these infeasible points

are recast as feasible solutions of higher rank, proportional to the magnitude of the

constraint violation. Since the same penalty weight is applied to both objectives,

these infeasible solutions are roughly scattered along an f1 = f2 line.

As the solutions are driven towards feasible space through the generations, the

severity of the constraint violation decreases (Figure 5.7b) and the points approach

the growing Pareto front. Infeasible solutions are eventually completely eliminated:

all points in Figure 5.7c are feasible (hence the reduced scale of the axes). After 8

generations, all solutions reach rank 1 and span the Pareto front (Figure 5.7d).
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Figure 5.7: Progress of the population towards optimum for the 2-objective mini-
mization example problem with constraints. Solutions in red are of rank 1, all other
ranks in blue.



Chapter 6

Multiobjective Trade Studies

6.1 Aircraft Mission, Variables, and Constraints

This section illustrates the optimization process performed by the design tool in the

case of a 280-passenger, twin-engine airliner with a 6,000 nm range, and takeoff,

cruise, and landing performances in line with industry standards for similarly-sized

aircraft. The 15 design variables are listed in Table 6.1, split in three groups: aircraft

geometry, engine parameters, and performance. Constraints are shown in Table 6.2.

6.2 Extreme Designs and Sensitivities

6.2.1 Operating Cost vs. Cruise Emissions, LTO NOx Emis-

sions, and Noise

The process of obtaining a low-rank Pareto front can be significantly accelerated by

first computing the extreme points of the fronts. This is done by running a single-

objective version of the genetic algorithm. These optimal designs are subsequently

inserted into the initial population of the multiobjective problems. The resulting

Pareto fronts of fuel carried, NOx emissions, and cumulative noise margin vs. cost

are shown in Figure 6.1. Key parameters for the optimized extreme designs are

summarized in Table 6.3.
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Variable Units Min Max

Maximum Take-Off Weight lbs 280,000 550,000
Wing Reference Area ft2 1,500 4,000
Wing Thickness-over-Chord % 0.07 0.20
Wing Location along Fuselage % 0.2 0.6
Wing Aspect Ratio — 4.0 15.0
Wing Taper Ratio — 0.1 0.7
Wing Sweep deg 0.0 40.0
Horizontal Tail Area ft2 225 600

Sea-Level Static Thrust lbs 40,000 100,000
Turbine Inlet Temperature ◦F 3,000 3,300
Bypass Ratio — 4.0 15.0
Engine Pressure Ratio — 40.0 60.0

Initial Cruise Altitude ft 20,000 40,000
Final Cruise Altitude ft 20,000 50,000
Cruise Mach Number — 0.65 0.95

Table 6.1: Variable names, units, and minimum and maximum allowable values for
the optimization problems.

Constraint Units Value

Cruise Range n.miles ≤ 6,000
Takeoff Field Length ft ≤ 9,000
Landing Field Length ft ≤ 8,000
Engine Out Climb Gradient — ≥ 0.024
Drag-to-Thrust Ratio — ≤ 0.88
Stability Margin — ≥ 0.18
Wing Cruise Lift Coeff. Margin — ≥ 0.01
Tail Rotation Lift Coeff. Margin — ≥ 0.01
Tail Cruise Lift Coeff. Margin — ≥ 0.01
Tail Landing Lift Coeff. Margin — ≥ 0.01
Wing Span ft ≤ 260.0

Table 6.2: Constraints for the optimization problems.
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Units Design A Design B Design C Design D
Min Cost Min Fuel Min NOx Min Noise

Objectives

Relative Cost — 1.0 1.02 1.09 1.26
Fuel Carried lbs 119,018 106,707 134,796 138,840
LTO NOx kg 30.88 29.68 14.36 41.09
Relative Noise EPNdB 0.0 -5.13 3.66 -14.98

Variables

Max. Take-Off Weight lbs 372,539 352,515 407,516 473,532
Wing Reference Area ft2 3,461 2,942 3,887 3,578
Wing t/c % 11.7 13.5 12.8 11.5
Wing Location % 39.2 41.2 48.1 48.2
Wing Aspect Ratio — 7.38 9.99 8.94 14.43
Wing Taper Ratio — 0.10 0.10 0.39 0.1
Wing Sweep deg 33.70 26.17 11.22 14.25
Horizontal Tail Area ft2 929 766 953 1,431

SLS Thrust (per engine) lbs 68,404 67,311 60,264 100,000
Thrust-to-Weight Ratio — 0.367 0.382 0.296 0.422
Turbine Inlet Temp ◦F 3,203 3,215 3,147 3,300
Bypass Ratio — 9.59 10.35 10.32 14.87
Engine Pressure Ratio — 59.91 59.63 40.27 59.78

Init. Cruise Altitude ft 32,937 30,746 28,381 31,674
Final Cruise Altitude ft 40,790 38,734 33,288 35,486
Cruise Mach Number — 0.844 0.739 0.669 0.664

Table 6.3: Data for the optimal extreme designs obtained with the single-objective
genetic algorithm.
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Figure 6.1: Pareto fronts of fuel carried, LTO NOx, and cumulative certification noise
vs. operating cost. Only rank 1 designs are shown. Average rank for all fronts is
under 4.

The configuration leading to minimum operating cost (Design A) was computed

first by running the design tool without specifying any noise or emissions constraints.

This aircraft is considered as the baseline and is representative of existing aircraft.

Reflecting the impact of block time on the cost function, the cruise mach number

is higher than would be required for minimal fuel burn (Design B). Fuel plays a

dominating role in the cost calculation, as illustrated by the similarities in the designs

for minimum cost and minimum fuel carried (and therefore, minimum cruise CO2,

SO2, and H2O). This tight coupling is also reflected in the relatively small fuel-

cost trade space (notice the fuel-cost Pareto front is narrow). At the engine level,

noticeably, both designs attain high fuel efficiency via large pressure ratios and high

turbine inlet temperatures.
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Figure 6.2: Pareto front of LTO NOx vs. fuel carried. Only rank 1 designs are shown
(Average rank = 3.47).

Optimizing the aircraft for lowest fuel yields a 10% decrease in fuel carried (prop-

agating through the design to yield a 5.4% decrease in maximum takeoff weight) for

a cost increase of 2% relative to low-cost Design A.

As seen previously (Equation 3.3), the generation of NOx emissions is a strong

function of combustor exhaust temperature and compression ratio. Design C therefore

compromises fuel efficiency for low NOx emissions by reducing the engine overall

pressure ratio and combustor temperature. The resulting 12% reduction in sea-level

static thrust relative to the low-cost design mandates that the aircraft fly slower (Mach

0.67, close to the lower allowable limit, versus Mach 0.84) and at lower altitudes (the

initial cruise altitude is reduced from approximately 33,000 ft to 28,000 ft). The result

is a 53.5% drop in LTO NOx emissions for an 9% and 13% increase in operating cost

and fuel consumption, respectively.
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These divergent requirements for low-NOx and low-fuel designs are well illustrated

by a wide, and very smooth, Pareto front. As a result of the lower cruise Mach

number, wing sweep is reduced from 34 to 11 degrees. With significantly reduced

available thrust, the wing taper ratio is increased from 0.10 to 0.39 to increase the

maximum lift coefficient during takeoff and initial climb. For similar reasons, the

wing area is enlarged by 12%, contributing to an increase in maximum takeoff weight

of 9%. Combined with lower available thrust, the climb performance of the low-NOx

design is significantly deteriorated: thrust-to-weight ratio drops to 0.296 — resulting

in the highest cumulative certification noise of any design, over 3.5 dB louder than

the baseline Design A.

The large fan necessary to reduce noise to the minimum (Design D, with a bypass

ratio very close to the maximum allowable value of 15) requires more power, resulting

in the selection of the highest allowable combustion temperatures and overall engine

pressure ratio. The result is a 15 cumulative EPNdB reduction in noise relative to

the low cost design, equivalent to a 25-fold reduction in noise energy. The penalty is

a 26% increase in operating cost and 16% in fuel carried, along with NOx emissions

that are 33% higher due to the increased combustion temperature. The higher thrust

levels required by this high bypass-ratio engine at altitude are significant: sea level

static thrust is raised from 68,404 to 100,000 lbs (the maximum allowable), a 46%

increase. Higher thrust enables the aircraft to climb faster, increasing the distance to

the flyover certification point and decreasing measured noise.

These enormous, and therefore very heavy, engines cause a 27% maximum takeoff

weight increase relative to Design A. The large frontal area, and therefore increased

drag of the design, leads the aircraft to fly slower than the low cost candidate (Mach

0.66 vs. Mach 0.83). Similarly to the low NOx aircraft, the reduced cruise Mach

number results in a reduced sweep of 14 degrees. A summary quantifying the trades

between designs is shown in Table 6.4.
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For this Can reduce one of these by
increase in cost Fuel Carried LTO NOx Cumulative Noise

1% 7% 10% 3 EPNdB
2% 10% 20% 6 EPNdB
9% 10% 51% 10 EPNdB
25% 10% 51% 15 EPNdB

Table 6.4: Fuel carried, LTO NOx, or cumulative noise can be traded with operating
cost.

6.2.2 Cruise Emissions vs. LTO NOx Emissions

To explore the interrelationship between the conflicting requirements of reducing NOx

and fuel-based emissions (CO2, H2O, and SO2), the multiobjective optimizer was

applied to the min-NOx/min-fuel problem. The resulting Pareto front is shown in

Figure 6.2, with Design B (low-fuel) and Design C (low-NOx) the extreme points

discussed previously. According to these results, a decrease in LTO NOx of 12% (as

recommended by ICAO for new aircraft after 2008 under CAEP/6) would require

an increase of approximately 2% in fuel consumption and related emissions. As the

demand for reductions in NOx increase, this penalty grows: the next 12% require a

further 4% increase in fuel. These results illustrate the delicate trade-off that must

be resolved as new regulations come into play: what is the “value” of trading one

type of emissions for another?

6.2.3 Noise vs. Cruise vs. LTO NOx Emissions

This trade-off approach is expanded to include a third objective, cumulative noise.

The surface that is obtained, as well as the location of the three extreme points, are

shown in Figure 6.3. The conflicting design requirements for the min noise (Design

D) and min NOx (Design C) aircraft are well illustrated here: the low-noise aircraft

is also the design with highest NOx, and conversely, the aircraft with lowest min NOx

is the noisiest. Indeed, Designs D and C are costly to obtain and require almost

complete deterioration of the other two objectives. The minimum fuel design (Design

B), however, is obtained without entirely forgoing gains in noise or NOx emissions.
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Figure 6.3: Pareto surface of LTO NOx vs. Fuel Carried vs. Cumulative Noise. Only
rank 1 designs are shown.

The usefulness of this Pareto surface is not limited to the extreme designs. Every

design on the surface is optimized for a combination of noise, fuel, and NOx per-

formance; the impact of reducing one objective on the two others can be estimated

directly from the surface.

Displaying three objectives also allows the selection of the objective to forgo in

order to improve the design. If the goal is to trade noise and fuel efficiency for a 20%

decrease in NOx, for example, a whole family of designs is applicable. Each aircraft

features a different fuel and noise trade in order to attain the desired reduction in NOx.

The final decision for selecting the appropriate design lies with the user: higher-level

information, such as certification or operational requirements, is required.
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Design A
Min Cost

Design E
(Cruise Altitude = 28,000 ft)

Design F
(Cruise Altitude = 24,000 ft)

Figure 6.4: Top view of aircraft optimized for cruise at altitudes of 28,000ft (Design
E), 24,000 ft (Design F), and minimum cost Design A.

6.3 Cruise Altitude Study

Reducing the cruise altitude of commercial aircraft would reduce contrail formation

and potentially reduce the net impact of aircraft emissions. Today’s aircraft operate

at 30-40,000 ft, the optimal altitudes considering range and cruise speed. In order to

minimize the impact on fuel economy, the aircraft needs to be designed to operate at

these altitudes.

The single-objective version of the genetic algorithm was run with the initial

cruise altitude fixed to 24,000 ft and 28,000 ft. A maximum cruise climb of 4,000 ft

is allowed. Data for the optimized designs is shown in Table 6.5.

As expected, Designs E and F are designed to fly slower (Mach 0.762 and 0.728)

in order to negotiate the increased drag inherent to lower altitude cruise. The cor-

responding increase in operating cost is 4% for Design E and 7% for Design F. The

amount of fuel carried to complete the mission is decreased by 5% if the aircraft is

designed to fly at 28,000 ft (a similar altitude to the aircraft optimized for lowest-fuel,

Design B) and increased by 7% for a design altitude of 24,000 ft. Changes in NOx

production are minimal: with all three designs optimized for minimal operating cost,

the optimizer is driven to select high pressure ratios and combustion temperatures,

regardless of cruise altitude.
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Units Design A Design E Design F

Relative Cost — 1.00 1.04 1.07
Fuel Carried lbs 119,018 112,950 127,069
LTO NOx kg 30.88 31.74 29.85
Relative Noise EPNdB 0.0 -3.87 1.85

Variables

Max. Take-Off Weight lbs 372,539 357,802 374,525
Wing Reference Area ft2 3,461 2,955 3,502
Wing t/c % 11.7 14.8 13.6
Wing Location % 39.2 40.6 39.2
Wing Aspect Ratio — 7.38 9.39 8.15
Wing Taper Ratio — 0.10 0.10 0.22
Wing Sweep deg 33.70 29.41 29.51
Horizontal Tail Area ft2 929 778 732

SLS Thrust lbs 68,404 71,106 63,602
Turbine Inlet Temp ◦F 3,203 3,220 3,228
Bypass Ratio — 9.59 9.88 9.59
Engine Pressure Ratio — 59.91 59.61 60.00

Init. Cruise Altitude ft 32,937 28,000 24,000
Final Cruise Altitude ft 40,790 33,023 29,531
Cruise Mach Number — 0.844 0.762 0.728

Table 6.5: Data for the cost-optimized designs with initial cruise altitude fixed at
28,000 ft (Design E) and 24,000 ft (Design F) compared to the optimized design for
minimum cost (Design A).

The purpose of operating aircraft at lower altitudes would be to reduce the net

impact of the emissions on the atmosphere. Accurately estimating these net effects

requires more information than the amount of emissions generated by the engines.

Indeed, to truly understand the effects of the combustion products on the atmosphere,

a detailed study of the propagation and absorption characteristics of the upper tro-

posphere would be required.

6.4 Contribution of Fuel Cost to Total Cost

Increasing the cost of fuel by 25%, from $0.96 per gallon to $1.20 per gallon, the

Pareto front illustrating the optimal trade-off between fuel carried and operating cost

is shifted towards higher operating cost (Figure 6.5).
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Units Design A Design B Design G Design H
Min Cost Min Fuel Min Cost Min Fuel

Fuel Cost $/gallon 0.96 0.96 1.20 1.20

Objectives

Relative Cost — 1.0 1.02 1.03 1.04
Fuel Carried lbs 119,018 106,707 116,592 106,430
LTO NOx kg 30.88 29.68 30.18 28.30
Relative Noise EPNdB 0.0 -5.13 -1.49 -5.90

Variables

Max. Take-Off Weight lbs 372,539 352,515 367,881 356,868
Wing Reference Area ft2 3,461 2,942 3,451 3,184
Wing t/c % 11.7 13.5 12.7 13.7
Wing Location % 39.2 41.2 38.6 40.4
Wing Aspect Ratio — 7.38 9.99 7.54 9.97
Wing Taper Ratio — 0.10 0.10 0.10 0.10
Wing Sweep deg 33.70 26.17 34.59 27.31
Horizontal Tail Area ft2 929 766 882 779

SLS Thrust (per engine) lbs 68,404 67,311 67,791 64,732
Thrust-to-Weight Ratio — 0.367 0.382 0.369 0.363
Turbine Inlet Temp ◦F 3,203 3,215 3,219 3,220
Bypass Ratio — 9.59 10.35 10.30 10.98
Engine Pressure Ratio — 59.91 59.63 59.91 59.79

Init. Cruise Altitude ft 32,937 30,746 32,198 30,805
Final Cruise Altitude ft 40,790 38,734 41,668 39,219
Cruise Mach Number — 0.844 0.739 0.832 0.755

Table 6.6: Data for the optimized designs with fuel cost at $0.96 per gallon (Designs
A and B) and $1.20 per gallon (Designs G and H).
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Figure 6.5: The impact of increasing fuel cost by 25% is reflected on the fuel-operating
cost Pareto front.

Data for Designs A, B, G, and H is summarized in Table 6.6. As can be expected,

Design B (min fuel carried at $0.96 per gallon) and Design H (min fuel carried at

$1.20 per gallon) carry an essentially identical fuel load — they are both optimized

for lowest fuel carried, regardless of fuel cost.

The minimum cost design with fuel at $1.20 per gallon (Design G), on the other

hand, carries 2% less fuel than the minimum cost design at $0.96 per gallon (Design

A): with increasing fuel costs, designs that carry less fuel are preferred. The decreased

drag that yields this reduction in required fuel stems from the lower cruise speed (0.832

vs. 0.844), that, however, causes an increase in block time and overall operating costs.

Overall, the 25% increase in fuel price results in only a 3% increase in operating cost.

The two low-fuel and low-cost aircraft are geometrically very similar — reflecting the

relatively low importance of fuel cost as a design driver.
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Figure 6.6: The benefits of increased laminar flow, reduced induced drag, and lower
structural weight are illustrated on the fuel-cost Pareto front.

6.5 Impact of Future Technologies

Increased laminar flow, advanced materials, and reduced induced drag are three ex-

amples of advanced technologies studied with the design tool.

• Increased laminar flow: for wing sweeps less than 20 degrees, laminar flow is

assumed to extend over 60% of the chord.

• Advanced materials: a factor of 0.8 is applied to the aircraft structural weight.

• 10% reduction in induced drag.

These technologies, meant to improve aerodynamic efficiency or reduce structural

weight, are of interest because they also have significant impact on the environmental

performance of the aircraft. Figure 6.6 illustrates the changes to the aircraft fuel-NOx

performance.
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Units Design B Design C Design J Design K
Min Fuel Min NOx Min Fuel Min NOx

Objectives

Relative Cost — 1.02 1.09 0.96 1.00
Fuel Carried lbs 106,707 134,796 78,243 87,485
LTO NOx kg 29.68 14.36 20.18 9.47
Relative Noise EPNdB -5.13 3.66 -5.50 -0.80

Variables

Max. Take-Off Weight lbs 352,515 407,516 304,611 333,634
Wing Reference Area ft2 2,942 3,887 3,122 3,855
Wing t/c % 13.5 12.8 12.9 12.8
Wing Location % 41.2 48.1 41.3 44.7
Wing Aspect Ratio — 9.99 8.94 10.00 9.96
Wing Taper Ratio — 0.10 0.39 0.10 0.21
Wing Sweep deg 26.17 11.22 19.81 12.10
Horizontal Tail Area ft2 766 953 870 1,099

SLS Thrust (per engine) lbs 67,311 60,264 46,525 41,120
Thrust-to-Weight Ratio — 0.382 0.296 0.422 0.246
Turbine Inlet Temp ◦F 3,215 3,147 3,222 3,135
Bypass Ratio — 10.35 10.32 11.50 12.18
Engine Pressure Ratio — 59.63 40.27 59.36 40.05

Init. Cruise Altitude ft 30,746 28,381 32,372 30,114
Final Cruise Altitude ft 38,734 33,288 40,097 38,718
Cruise Mach Number — 0.739 0.669 0.725 0.669

Table 6.7: Data for optimized low-fuel and low-NOx conventional Designs B and C
and advanced technology Designs J and K.
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Data for the extreme designs is summarized in Table 6.7. The advanced technol-

ogy lowest-NOx aircraft (Design K) produces 34% less NOx per LTO cycle than the

conventional low-NOx aircraft (Design C), at 9% lower operating cost. Similarly, the

advanced low-fuel candidate (Design J) requires 27% less fuel (and therefore produces

27% fewer fuel-proportional emissions) to complete the mission while releasing 32%

fewer NOx emissions than the conventional lowest-fuel aircraft (Design B). Taking ad-

vantage of the drag benefits associated with increased laminar flow, the two advanced

designs feature wing sweep under 20 degrees — without any impact on cruise Mach

number, thanks to the thinner wing afforded by the reduced fuel capacity requirement.

Incorporating these advanced technologies negates some of the adverse effects of

optimizing the aircraft for low-noise or low-emissions. Indeed, the advanced low-NOx

aircraft (Design K) generates 30% of the NOx emissions generated by the conventional

low-cost design (Design A), at the same operating cost. From the reduced structural

weight and fuel load (and therefore maximum takeoff weight), the two advanced

designs require approximately 30% less installed thrust, resulting in a cumulative

noise margin of 5.5 EPNdB for Design J and 0.8 EPNdB for Design K.



Chapter 7

Fleet Design

7.1 Introduction

As was discussed previously, the introduction of noise-based restrictions at airports

worldwide has led airlines to demand, and adopt, low-noise aircraft. These restrictions

can fundamentally change an airline’s routing strategy: the noise performance of each

type must be taken into account during the assignment process.

A simple fleet design tool was developed to select the optimal aircraft types, de-

termine the fleet mix, and route the aircraft to meet passenger demand, at minimum

operating cost. The emphasis is on the impact of airport noise restrictions: if an air-

port adopts noise regulations, for example, how should the airline re-allocate aircraft?

While this tool does not feature the level of complexity required to capture all

aspects of fleet assignment, it does allow the user to understand the implications of

noise regulations at the airline level, and points to the importance of further system-

level environmental studies.

7.2 Aircraft Routing and Fleet Assignment

The introduction of noise and emissions landing and takeoff fees has driven airlines

to consider aircraft environmental performance as part of their acquisition plans —

as in the case of the Airbus A380.

84
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Schedule Design Fleet Assignment

Aircraft RoutingCrew Pairing

Figure 7.1: Airline schedule development.

While airport fees based on aircraft noise and emissions performance are not

currently legal in the US, they have been in place in Europe for some time: London

Heathrow, Brussels National, and Madrid Barajas are just a few of the airports that

include aircraft certification noise level as part of landing and takeoff fees.

Schedule development, a crucial aspect of profitable airline management, involves

many steps, including schedule design, fleet assignment, aircraft routing, and crew

pairing [79]. Here we assume that schedule design has been finalized; the focus is on

fleet assignment, that is the assignment of available aircraft to the scheduled flights,

and on aircraft routing, the sequence of flights to be flown by each aircraft throughout

the day (Figure 7.1). Typical fleet assignment objectives include minimizing assign-

ment cost or maximizing the profit from each flight. In our case, the objective is to

meet the passenger demand throughout the day with the lowest total landing and

takeoff (LTO) costs.

Fleet assignment problems can be classified as either “warm start”, in which case

an existing assignment is used as a starting point, or “cold start”, in which only the

fleet size, aircraft types, and passenger demand are known [80]. Fleet assignment

and aircraft routing problems have been solved using various optimization methods,

including integer linear programming [81, 82], neighborhood search [83], genetic al-

gorithms [84], and collective intelligence [85].
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Figure 7.2: The fleet design tool includes a database of optimized aircraft designs and
a fleet assignment and aircraft routing module.

7.3 The Fleet Design Tool

7.3.1 Overview

Combining the conceptual aircraft design tool with an aircraft routing algorithm

allows the user to study various fleet-level scenarios, such as the impact of changing

noise fees at an airport, modifying the fleet mix or size, and how best to respond to

changes in passenger demand, for example. This “System of Systems” framework is

shown in Figure 7.2. A database of optimal aircraft designs is created before solving

the fleet design problem.

The objective is to determine the types of aircraft, the fleet mix, and the air-

craft routing and resident fleet size at each airport that minimizes the landing and

takeoff fees levied by airports while meeting demand. The 9-airport, 20-flight arc

sample problem (Figure 7.3) is used to demonstrate the performance of the approach.

Airports D and H feature landing and takeoff fees that are a function of the noise

performance of the aircraft. Only the quietest types of aircraft are allowed to operate

in and out of airport B.
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Figure 7.3: The 9-airport, 20-arc problem. The LTO fees at airports D and H (in
black) include noise fees. Only the quietest aircraft (Noise Category 3) can operate
in and out of airport B.

The passenger demand on each arc is given as a function of time (determined as

part of the schedule design). The day is split into six 4-hour segments. It is assumed

that each arc can be flown and the aircraft turned around in one time segment.

7.3.2 Formulation

The optimization problem is as follows:

Minimize: Total LTO Fees

Variables: Number of aircraft of each type, on each arc, at each time segment

Resident fleet of each type, at each airport

Passenger capacity of each aircraft type

Noise category of each aircraft type

Constraints: Passenger demand

Assignment continuity of each aircraft type

Resident fleet conservation of each aircraft type

Acquisition budget

The four types of variables are: ui,j,m, the number of aircraft of type m assigned

to flight arc i at time segment j, vk,m, the number of resident aircraft of type m at

airport k. pm and nm are the passenger capacity and noise category of aircraft type

m (based on certification noise), respectively.
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Noise Noise Environmental Factor E

Margin Cat. nm Airport B Airport D Airport H Others

0 dB 1 N/A 1.7 1.5 1.0

6 dB 2 N/A 1.5 1.2 1.0

12 dB 3 1.0 1.0 1.0 1.0

Table 7.1: The environmental factor E is a function of the noise performance of the
aircraft.

Time Day/Night
Segment j Factor Dj

1 (24:00 - 03:59) 2
2 (04:00 - 07:59) 2
3 (08:00 - 11:59) 1
4 (12:00 - 15:59) 1
5 (16:00 - 19:59) 1
6 (20:00 - 23:59) 1

Table 7.2: The Day/Night factor is a penalty applied to aircraft operating during
noise-sensitive hours.

The resident fleet is the number of airplanes at each airport at the start and end

of the day, which must be the same to repeat the schedule the next day.

The allowable ranges for the variables are:

0 ≤ ui,j,m ≤ 15 (7.1)

0 ≤ vk,m ≤ 30 (7.2)

pm ∈ P = {100, 200, 300} (7.3)

nm ∈ N = {1, 2, 3} (7.4)

In the example problem presented here, we have 20 arcs i and 6 time segments j,

with 9 airports k and 2 aircraft types m, yielding a total of 262 variables.

As part of this study, a model based on the landing and takeoff charge at Brussels

National was used as the objective. It is shown below:

CLTO = Wm × Ei,m × Dj (7.5)
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Noise Pax Cap. pm

Cat. nm 100 200 300

1 48 80 138
2 51 85 145
3 56 93 161

Table 7.3: Maximum takeoff weight Wm, in tons, as a function of passenger capacity
pm and noise category nm.

Wm is the maximum takeoff weight of aircraft type m, in tons. The maximum

allowable value of this factor is 175 tons, regardless of the actual aircraft weight. The

environmental factor, Ei,m, is a function of the aircraft’s noise category nm and the

airport in question, i (Table 7.1). Note that only aircraft belonging to noise category

3 are allowed to operate in and out of airport B. Finally, Dj is the day/night factor

for time segment j, as can be seen in Table 7.2.

The total landing takeoff fees for all flights, a non-linear objective, can be written

as follows:

min
ui,j,m,vk,m,Ei,m,nm

(

G =
∑

i,j,m

ui,j,mEi,mWmDj

)

(7.6)

Wm is obtained from the optimized designs database for a combination of aircraft

passenger capacity (pm) and noise factor (nm). The database entries are shown in

Table 7.3.

Constraints are required to ensure that passenger demand Di,j is met in full by

capacity Ci,j,m for each aircraft type, arc, and time segment. There are 20 arcs and 6

time segments, for a total of 120 passenger demand constraints. For these non-linear

constraints to be satisfied:

Di,j −
∑

m

Ci,j,m ≤ 0 (7.7)

with:

Ci,j,m = pm · ui,j,m (7.8)

Assignment continuity ensures that an aircraft of a type can only be assigned to an

arc if an aircraft of that same type is available at the originating airport.
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With 9 airports, 6 time segments, and 2 aircraft types, 108 continuity constraints

are included. Defining Sk,j,m as the state of the fleet of aircraft of type m at airport

k, at the beginning of time increment j, we require:

−Sk,j,m ≤ 0 (7.9)

where:

Sk,j,m = Sk,j−1,m +
∑

i

Moutk,i
· ui,j,m +

∑

i

Mink,i
· ui,j−1,m (7.10)

The Mout matrix is used to tally outbound aircraft for each airport during a time

segment.

Likewise, Min is used to determine the inbound aircraft to be added to an airport

pool. For example, for our 9-city, 20-arc case:

Mout =

AB AC . . . BA . . . IE

A -1 -1 . . . 0 . . . 0

B 0 0 . . . -1 . . . 0

C 0 0 . . . 0 . . . 0
...

...
...

. . .
...

. . .
...

I 0 0 . . . 0 . . . -1

(7.11)

Min =

AB AC . . . BA . . . IE

A 0 0 . . . 1 . . . 0

B 1 0 . . . 0 . . . 0

C 0 0 . . . 0 . . . 0
...

...
...

. . .
...

. . .
...

I 0 0 . . . 0 . . . 0

(7.12)

The resident fleet size of aircraft type m, SIk,m at each airport k must equal the

number of airplanes of the same type, SFk,m at the end of the day so the schedule

can be restarted the following day. In equation form, we require:

−SIk,m + SFk,m ≤ 0 (7.13)
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Figure 7.4: Aircraft cost is closely correlated to maximum takeoff weight [86].

with:

SIk,m = vk,m (7.14)

SFk,m =
∑

i

Mink,i
· ui,jfinal,m (7.15)

The airports in this sample problem contribute 18 resident fleet constraints.

The aircraft cost is based on a maximum takeoff-weight correlation, shown in

Figure 7.4. The cost of one aircraft, in millions of dollars, is:

H = 0.7337Wm + 2.1788 (7.16)

Finally, the total acquisition budget B is enforced with:

∑

m

∑

k

H(Wm) · SIk,m ≤ B (7.17)

This results in a total of 247 constraints.
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Figure 7.5: The Branch and Bound search tree.

7.4 Integer Programming

AMPL-CPLEX 8.0 features the Branch and Bound technique for solving integer prob-

lems. The objective and constraints must be linear [87, 88]. In the current formulation

of the fleet design problem, the total daily LTO cost is a function of the variables

aircraft weight, noise factor, and segments flown, resulting in a non-linear objective

that CPLEX cannot manage.

To resolve this issue, the problem was linearized by removing the aircraft type

components from the objective; the fleet assignment and aircraft routing problem

was run for every combination of designs for the two aircraft types. The passenger

capacity constraints are also linearized in the process. With 9 designs possibilities for

each aircraft type, a total of 81 runs was required. The combination of designs that

yields the minimum cost after fleet assignment and aircraft routing is considered the

global optimum.

The branch-and-bound technique has proven to be reasonably efficient on practi-

cal problems. The optimizer maintains a search tree of related linear programming

subproblems (Figure 7.5). The algorithm starts with the top node, whose associated

subproblem is the relaxation of the integer program — the linear problem that results

when all integrality restrictions are dropped.
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If this relaxation happens to have an integer solution, then it would provide an

optimal solution to the integer program. Normally, however, the optimum for the

relaxation has some fractional-valued integer variables. A fractional variable is then

chosen for branching, and two new subproblems are generated, each with more re-

strictive bounds for the branching variable.

Most likely each of these subproblems also has fractional-valued integer variables,

in which case the process is repeated, producing the tree structure shown above. Be-

cause a single integer program generates many LP subproblems, even small instances

can be very computation-intensive and require significant amounts of memory.

The number of linearized fleet design problems grows with the number of aircraft

types m, as well as with the number of passenger capacities (P) and noise factors (N),

according to:

No. of Runs = (P × N)m (7.18)

Hence, as the number of aircraft types and configurations for each type is in-

creased, the number of CPLEX runs required to determine global optimum becomes

very large. If 5 aircraft types were to be designed, each with 16 possible combina-

tions of passenger capacity and noise performance (4 choices each), over 1 million

AMPL-CPLEX runs would be required.

7.5 Results

The 9-airport, 20-arc network sample problem introduced above is used to demon-

strate the performance of the approach. The asymmetric, time-dependent passenger

demand, as a function of time and flight arc (route), is shown in Table 7.4.

With an acquisition budget of $1,800 million, the fleet composition, selected air-

craft types, and minimized daily LTO fees are shown on the first line of Table 7.6,

marked Case 1. The number of flights covered by the two types for every arc and time

increment is shown in Table 7.5. To illustrate the impact of these operating noise

restrictions and fees, the same problem was solved, except that the Noise Category 3

requirement was removed at Airport B.
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Time Segment
Arc 1 2 3 4 5 6

AB 100 200 200 200 100 100
AC 200 100 175 100 200 200
AD 200 200 200 200 250 200
AE 400 630 800 800 550 300
AI 100 100 200 100 100 100
BA 100 100 200 200 200 100
CA 200 260 100 100 100 200
DA 200 200 200 225 200 200
DE 200 200 200 200 200 200
EA 400 600 800 800 600 400
ED 200 200 200 200 200 200
EF 100 0 100 100 130 100
EG 100 100 100 100 100 100
EH 200 200 200 200 200 200
EI 100 100 100 100 100 125
FE 100 125 100 100 100 100
GE 100 100 100 180 210 100
HE 200 200 200 200 200 200
IA 100 200 100 150 100 100
IE 100 125 100 100 100 100

Table 7.4: Passenger demand for each arc as a function of time.



CHAPTER 7. FLEET DESIGN 95

Aircraft Type 1 Aircraft Type 2
# Flights # Flights

Time Segment Time Segment
Arc 1 2 3 4 5 6 1 2 3 4 5 6

AB 1 2 2 2 1 1 0 0 0 0 0 0
AC 0 1 2 1 0 0 1 0 0 0 1 1
AD 0 0 0 0 1 0 1 1 1 1 1 1
AE 0 1 0 0 0 1 2 3 4 4 3 1
AI 1 1 0 1 0 1 0 0 1 0 1 0
BA 1 1 2 2 2 1 0 0 0 0 0 0
CA 0 1 1 1 1 0 1 1 0 0 0 1
DA 0 0 0 1 0 0 1 1 1 1 1 1
DE 0 0 0 0 0 0 1 1 1 1 1 1
EA 0 0 0 0 0 2 2 3 4 4 3 1
ED 0 0 0 0 0 0 1 1 1 1 1 1
EF 1 0 1 2 0 1 0 0 0 0 1 0
EG 1 1 1 0 1 1 0 0 1 1 0 0
EH 0 0 0 0 0 0 1 1 1 1 1 1
EI 1 1 1 1 1 0 0 0 0 0 0 1
FE 1 0 1 1 1 1 0 1 0 0 0 0
GE 1 1 1 0 1 1 0 0 0 1 1 0
HE 0 0 0 0 0 0 1 1 1 1 1 1
IA 1 0 1 0 1 1 0 1 0 1 0 0
IE 1 0 1 1 1 1 0 1 0 0 0 0

Table 7.5: Case 1: Number of flights assigned to each arc at each time segment.
Airports D and H feature noise-based fees and only noise category 3 aircraft may
operate out of and into airport B (Acquisition Budget: $1,800 million).

Airports LTO Aircraft Type 1 Aircraft Type 2
Case with Noise Cost Fleet Pax. Noise Fleet Pax. Noise

Restrictions ($) Size Cap. Cat. Size Cap. Cat.

1 B,D,H 28,688 18 100 3 17 200 1
2 D,H 27,763 15 100 1 20 200 1

Table 7.6: Total LTO cost and optimal fleet mix for Cases 1 and 2.
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Aircraft Type 1 Aircraft Type 2
# Flights # Flights

Time Segment Time Segment
Arc 1 2 3 4 5 6 1 2 3 4 5 6

AB 1 0 0 0 1 1 0 1 1 1 0 0
AC 0 1 2 1 0 0 1 0 0 0 1 1
AD 0 0 0 0 1 0 1 1 1 1 1 1
AE 0 1 0 0 0 1 2 3 4 4 3 1
AI 1 1 0 0 1 1 0 0 1 1 0 0
BA 1 1 0 0 0 1 0 0 1 1 1 0
CA 0 1 1 1 1 0 1 1 0 0 0 1
DA 0 0 0 1 0 0 1 1 1 1 1 1
DE 0 0 0 0 0 0 1 1 1 1 1 1
EA 0 0 2 0 0 0 2 3 4 4 3 2
ED 0 0 0 0 0 0 1 1 1 1 1 1
EF 1 0 1 2 0 1 0 0 0 0 1 0
EG 1 1 1 0 1 1 0 0 1 1 0 0
EH 0 0 0 0 0 0 1 1 1 1 1 1
EI 1 1 1 1 1 0 0 0 0 0 0 1
FE 1 0 1 1 1 1 0 1 0 0 0 0
GE 1 1 1 0 1 1 0 0 0 1 1 0
HE 0 0 0 0 0 0 1 1 1 1 1 1
IA 1 0 1 0 1 1 0 1 0 1 0 0
IE 1 0 1 1 1 1 0 1 0 0 0 0

Table 7.7: Case 2: Number of flights assigned to each arc at each time segment.
Restrictions at Airport B have been removed. Changes relative to Case 1 are shown
in bold (Acquisition Budget: $1,800 million).
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Hence, only airports D and H feature noise-based landing and takeoff fees. The

results of this second case are shown on the second line of Table 7.6 and the fleet

assignment schedule is shown in Table 7.7.

The fleet composition in both cases includes a 100 passenger aircraft and a 200

passenger aircraft. In the first case, however, the smaller aircraft is of noise category

3, enabling it to operate in and out of every airport in the network, including airport

B. As a result, the type 1 fleet size for case 1 is slightly larger than for case 2 (18 vs.

15): these additional aircraft are used to operate solely between airports A and B,

and are supplemented by other type 1 aircraft as required by passenger demand. In

both cases, the larger type 2 aircraft cover the trunk routes, while the smaller type 1

aircraft are used on the thinner spokes.

As can be seen from the fleet assignment schedules, the introduction of restrictive

noise requirements — even at a single, non-hub airport — can have dramatic effects

as the type assignment changes propagate through the network.

This is an example of the type of preliminary study that can be accomplished

with this fleet design tool. By combining the aircraft design framework with a fleet

assignment solver, as was done here, many types of scenarios can be studied. Clearly,

managing noise-based operating restrictions at airports and integrating low-noise air-

craft into the fleet requires careful consideration of passenger demand, aircraft routing,

and fleet composition.



Chapter 8

Conclusion and Future Work

8.1 Conclusion

The objective of this research was to determine the feasibility of including environ-

mental performance during the initial phase of aircraft design. A design tool was de-

veloped using multidisciplinary optimization to quantify the trade-offs between noise,

emissions, and operating cost, both at single aircraft and fleet levels. Engine and

noise models available from NASA were integrated into the optimization framework.

The application of this design approach was successful in producing optimal solu-

tions. The ability of a conceptual tool to predict the consequences of design changes,

however, is heavily dependent on validation: because of the uncertainty in modeling

noise and emissions, it is important that the design tool be compared to additional

experimental results and existing, usually proprietary, databases.

The study established a tradeoff between noise, emissions, and cost performance.

The resolution of these diverging requirements will largely depend on the environmen-

tal regulations applying in the markets served by the aircraft. Significant reductions

in emissions and perceived noise were found to be possible for aircraft specifically

optimized with these objectives in mind. For an increase in operating cost of 9%,

NOx emissions could be reduced by as much as 50%, while cumulative certification

noise could be lowered by up to 15 EPNdB for a cost increase of 26%.

98
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There is little doubt that the market would be unwilling to accept these drastic

trades unless regulatory bodies mandated increased environmental responsibility from

the airline industry. Considering the recent explosive growth of public complaints,

however, increasingly severe and restrictive operational measures at airports seem

unavoidable.

The one trend that emerges amongst the seemingly conflicting objectives of noise,

fuel consumption, and NOx emissions is the opportunity for significant reductions in

environmental impact by designing the aircraft to fly slower and at lower altitude.

The larger fan frontal area of low-noise designs, the reduced thrust capabilities of

low-NOx engines, and the reduced drag mandated by the low-fuel aircraft — all these

requirements point towards “Slower, Lower, Greener”.

Finally, it is worth noting that the results presented here fully support the ‘Bal-

anced Approach’ adopted by the ICAO that deems that reductions in the environmen-

tal nuisances associated with commercial aviation will be achieved most effectively by

a combination of quieter and cleaner aircraft, appropriate flight procedures, suitable

government regulations and — for the long-term — adequate land-use planning.

8.2 Future Work

While unconventional designs were not considered, certain configurations, such as

blended-wing-body aircraft, have shown enormous potential for reduced environmen-

tal impact. Although these aircraft would require the development of new design

modules independent of the databases and validated correlations available for the

conventional designs studied here, the general methodology would still be applicable.

As noise and emissions become ever more important design drivers, these uncon-

ventional designs may offer the only viable solution to ensure commercial aviation

continues its spectacular growth. In addition, unconventional aircraft may eventually

offer truly ultra-quiet and -clean operations, potentially revolutionizing air transport

by enabling aircraft to operate closer to major cities than ever before.

With the eventual adoption of cruise emissions restrictions, developing an appro-

priate metric is essential.



CHAPTER 8. CONCLUSION AND FUTURE WORK 100

As we have seen, simply quantifying the amount of emissions generated by the

aircraft is not sufficient; the properties of the atmosphere means that the diffusion

and mixing of the emissions are crucial. Accurate models of these mechanisms near

the troposphere are critical in understanding the net impact of aircraft emissions on

the global atmosphere. Enhancing the design tool by adding details of the mission

profile would allow for a more accurate estimate of the emissions release schedule.

The uncertainty associated with the approximate methods used in this concep-

tual design tool could be propagated through the optimization process. The outcome

would be a distribution of solutions, as opposed to the current single-point deter-

ministic result for each design. This probabilistic approach would allow the user to

understand — and quantify — the impact of modeling error on the conceptual design

process. The computing cost associated with generating such a Pareto ‘band’ (as

opposed to a well-defined front) would be considerable.

With significant reductions in emissions and noise, slower and lower-flying aircraft

could be introduced into the fleet. In this situation, in addition to new challenges for

air traffic control, integrating these new designs with potentially vastly different cruise

speeds would require extensive schedule and equipment assignment changes. This

would prohibit the decoupling of the design and assignment portions of the problem:

aircraft design would have to be completed “in the loop” of fleet assignment. Such a

large scale System-of-Systems approach may prove ideal for collaborative optimization

frameworks: properly capturing seemingly weak coupling between variables (engine

bypass ratio and takeoff time slots, for example) would become critical in obtaining

truly optimal solutions.

Efforts in creating civil supersonic aircraft have highlighted the critical impor-

tance of environmental concerns. Balancing the objectives of low sonic boom, low

certification noise, and low emissions with competitive cost performance is expected

to demand extremely difficult trades due to the highly conflicting requirements of

these objectives on an engine designed for supersonic flight. New technologies, such

as variable bypass ratio, multi-stage fans, and ultra-low emissions combustors will,

hopefully, enable a new generation of supersonic transports to succeed where Con-

corde failed.
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