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Abstract 

Recent changes to aircraft approach and departure procedures enabled by more precise 
navigation technologies have created noise concentration problems for communities beneath 
flight tracks. There may be opportunities to reduce community noise impacts under these 
concentrated flight tracks through advanced operational approach and departure procedures 
and advanced aircraft technologies. A modeling method to assess their impacts must consider 
the contributions of aircraft engine and airframe noise sources as they vary with the position, 
thrust, velocity, and configuration of the aircraft during the flight procedure. The objective is 
to develop an analysis method to design, model, and assess the community noise reduction 
possibilities of advanced operational flight procedures performed by conventional aircraft and 
advanced procedures enabled by future aircraft concepts. 

An integrated analysis framework is developed that combines flight dynamics and noise 
source models to determine the community noise impacts of aircraft performing advanced 
operational approach and departure procedures. Aircraft noise due to the airframe and engine 
is modeled using an aircraft source noise module as each noise component varies throughout 
the flight procedure and requires internal engine performance states, the flight profile, and 
aircraft geometry. An aircraft performance module is used to obtain engine internal 
performance states and aircraft flight performance given the aircraft technology level. A force-
balance-kinematics flight profile generation module converts the flight procedure definition 
into altitude, position, velocity, configuration, and thrust profiles given flight performance on 
a segment-by-segment basis. The system generates single-event surface noise grids that are 
combined with population census data to estimate population noise exposure for a given 
aircraft technology level and procedure. 

The framework was demonstrated for both advanced approach and departure 
procedures and advanced aircraft technologies. The advanced procedure concepts include 
modified speed and thrust departures as well as continuous descent, steep, and delayed 
deceleration approaches for conventional aircraft. The ability to model advanced aircraft 
technologies was demonstrated in the evaluation of using windmilling drag by hybrid electric 
aircraft on approach to allow the performance of steep and delayed deceleration approaches 
for noise reduction beyond the performance capability of standard gas-turbine aircraft. 
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Chapter 1 

Introduction and Objectives 

1.1 Problem Introduction 

This thesis presents an analysis framework to model community noise impacts of advanced 

operational approach and departure procedures for conventional and hybrid electric aircraft. 

The goal of the framework is to combine the aircraft, fight procedure, and component-based 

noise analysis to design, model and assess community noise reduction possibilities of advanced 

operational fight procedures fown by conventional aircraft and aircraft with advanced 

technologies. The utility of this framework is demonstrated with the design and the 

performance and noise analysis of advanced fight procedures for conventional aircraft and 

hybrid electric aircraft utilizing windmilling drag. 

1.1.1 The Community Noise Problem Caused by Approaching 

and Departing Aircraft 

Community noise near airports produced by aircraft on approach and departure is an 

important factor in aircraft environmental impact assessments and many methods have 

been formulated to assess aircraft noise impacts. Historically, regulations for community 

noise surrounding airports due to approaching and departing aircraft have been focused on 

regions near fnal approach or initial takeof. This can be seen in regulatory noise limitations 
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for civil turbojet aircraft which are defned for conditions close to the airport, such as the 

Federal Aviation Rule Part 36 (FAR-36) standards [1] which regulate the maximum allowed 

total efective perceived noise due to aircraft within 3.5 nmi from the airport. In addition, 

the U.S. Federal Aviation Administration legal defnition of the region of signifcant noise 

exposure around airports is the 65 dB Day-Night Annual Average Sound level (DNL) contour 

[2], which also concentrates close to the airport runway ends. In these regions, aircraft are 

typically at steady state climb or descent rate, velocity, thrust level, and confguration. 

Recent changes to approach and departure procedures for aircraft enabled by more 

precise navigation technologies have resulted in noise concentration further from the airport. 

As shown in Figure 1-1, navigation was historically accomplished via routes defned by radio 

navigation aids (NAVAIDS) located on the ground or by heading vectors. Approach and 

departure procedures would vary as a result of navigational precision and the timing of 

air trafc controller instruction given during a route. Aircraft on approach and departure 

have since adopted higher precision Performance-Based-Navigation (PBN) approach and 

departure procedures, such as Area Navigation Procedures (RNAV) and Required Navigation 

Performance (RNP) procedures, also illustrated in Figure 1-1. PBN procedures, due to 

increased precision, result in fight track concentration as opposed to the natural variation 

in fight tracks that existed when less precise navigation technology was still used. 

MIT
ICAT

Figure 1-1: Comparison of Conventional, RNAV, and RNP Navigation, Figure from FAA 

An example of this concentration of fight tracks can be seen in Figure 1-2, which 
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compares fight tracks out of Boston Logan Airport in 2010 (a) before these procedures were 

implemented, and in 2017 (b) after they were implemented. Locations where complaints 

were fled by the surrounding communities due to the noise of approaching and departing 

aircraft are shown in the red dots. 

MIT
ICAT

MIT
ICAT

(a) 2010 (b) 2017 

Figure 1-2: Arrival and Departure Flight Paths and Noise Complaints at BOS in 2010 and 
2017, Figures from [3] 

As Figure 1-2 also indicates, there is a correlation between the locations of concentrated 

fight tracks and the increase in the number of complaint locations. The complaint locations 

also concentrate further from the airport and at lower noise levels than than the 65 DNL 

contour, represented in white in Figure 1-2 (b). 

There is a desire to mitigate the noise under these concentrated fight tracks further from 

the airport. In the regions close to the airport, aircraft are typically at steady-state climb or 

descent rate, velocity, thrust level, and confguration. However, in the regions after initial 

takeof and before fnal approach, there is more fexibility in aircraft lateral and vertical 

trajectories, and aircraft are not in steady state fight or operating conditions. Advanced 

operational approach and departure procedures, where aircraft are maneuvered or operating 

at velocity, thrust, or confguration states that are diferent from standard procedures, may 
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result in noise reductions further from the airport. Future aircraft may also be capable of 

performing certain advanced operational fight procedures beyond the capabilities of current 

aircraft and that may yield additional noise benefts. 

1.2 Noise Reduction Opportunities of Conventional 

Aircraft Performing Advanced Operational 

Approach and Departure Procedures 

Advanced operational fight procedures are one method to reduce aircraft noise in regions 

further from the airport. Flight procedures are the operational description of how the aircraft 

will fy. Modifcations to standard approach and departure procedures in the vicinity of the 

airport typically consist of one of two types. The frst type is modifcation to the lateral 

track. Lateral fight tracks can be designed to reduce noise impact by being positioned to 

avoid over-fight of sensitive communities. 

The second type is the modifcation to the vertical procedure, which includes altering 

the thrust, altitude, velocity, and confguration profles in order to reduce community noise 

compared to standard fight procedures. Aircraft noise is attributed engine noise components, 

airframe noise components, and the distance between the aircraft and the observers. Engine 

noise is impacted primarily by the thrust and velocity in the fight procedure, while airframe 

noise is impacted primarily with velocity and confguration setting. Noise reduction with 

this method involves maneuvering or trading thrust, altitude, and speed of the aircraft such 

that the cumulative noise produced by the aircraft, due to both its engine and airframe 

source components as well as its altitude per distance from the runway, is reduced compared 

to standard procedures. This is particularly efective in regions outside the traditional 65 

dB DNL contour where aircraft are typically at higher altitudes and have fexibility in how 

they are maneuvered. These regions are also outside the locations traditionally monitored 

for Federal Aviation Rule Part 36 (FAR-36) noise standard [1]. 
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1.3 Reduction Opportunities of Future Aircraft, 

Including Hybrid Electric Aircraft with 

Windmilling Drag 

Additional methods for reducing community noise exposure beneath fight tracks may be 

possible with advanced concepts enabled by future aircraft. Aircraft source noise may be 

improved with future aircraft confgurations or technologies. For example, these may include 

improved engine technologies that are quieter than current gas-turbine engines commonly 

used in civil aviation, by advanced confgurations that enable engine noise shielding by 

the airframe, through overall cleaner airframes, or through quieter drag and confguration 

techniques that either reduce the noise of or replace standard high noise speed brakes, high 

lift devices, and landing gear that are deployed in approach procedures. 

Additionally, advanced aircraft confgurations or technologies may ofer improvements 

to the performance of certain advanced operational fight procedures. For example, in order 

to reduce community noise exposure to aircraft on approach, aircraft should maintain a high 

altitude for as long as possible in the form of continuous descent or steep approaches to 

take advantage of additional noise attenuation through the atmosphere [1]. Performing such 

procedures requires aircraft to have enough drag on approach for controllability. However, as 

demonstrated in the Breguet range equation, fuel expended in fight is directly proportional 

to the aircraft drag, thus designs for more energy efcient transport aircraft require aircraft 

with increasingly less drag [4]. To remove energy on approach, aircraft must fy level segments 

or deploy high noise, high drag devices such as high lift devices, speedbrakes, or landing gear 

[5], thus resulting in noisier approaches. 

An alternative high drag mechanism that has potential to produce less noise for the 

same drag as high lift devices, landing gear, or speedbrakes on approach is windmilling 

engines. Windmilling, where engines are driven by the external fow or operated at low 

rotation rates, is an alternative mechanism to create drag during descent that is potentially 

quieter than bluf body drag such as landing gear. While typically associated with engine 

failure for traditional gas-turbine engines, windmilling is possible in architectures where the 
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fan is powered by an electric motor, such as in certain hybrid electric or full electric aircraft 

confgurations. 

Many studies have shown that noise reduction potential can be greatest through an 

examination of not only reducing noise at the aircraft source but also by reducing noise via 

operational adjustments [6][7][8][9] [10] [5]. When noise is considered in the development of 

future aircraft, it can become an additional value attribute for these concepts. 

1.4 Full Flight Procedure Analysis Requires System 

Approach 

The previous sections described methods for reducing the noise impacts to communities 

further from the airport via advanced operational approach and departure procedures both 

for current aircraft and future aircraft; however such procedures have to modeled in order 

for their potential noise impacts to be assessed. Analysis of community noise due to aircraft 

in full approach and departure procedures, including regions before fnal approach or after 

initial takeof where aircraft fy in non-steady state conditions, requires modeling the aircraft, 

fight procedure, and noise sources. These components are all interconnected, and thus must 

be examined as an integrated system, as diagrammed in Figure 1-3. 
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Full Flight Procedure Analysis 
Requires System Approach

3-D Flight Profile
• Altitude & Position (time)
• Velocity (time)
• Thrust (time)
• Configuration (time)

Flight Procedure

Aircraft 
Performance 

Aircraft Source 
Noise

• Analysis of community noise 
due to aircraft on approach 
and departure requires 
requires an integrated 
system consisting of the 
aircraft and flight procedure
– Flight procedures are the 

operational description of how 
the aircraft will fly
• Full procedure includes non 

steady-state regions
– The aircraft flies that procedure, 

its performance will determine 
the non-steady state conditions 
to yield the 3-D flight profile and 
will influence aircraft noise 
sources

– Aircraft source noise is 
dependent on the aircraft and 
the flight profile

Aircraft

6

Figure 1-3: Analysis of Community Noise due to Aircraft on Approach and Departure 
Requires an Integrated system 

This system is summarized as follows: 

∙ Flight procedures are the operational description of how the aircraft will fy and the 

full procedure includes regions where the aircraft state varies 

∙ The aircraft fies that procedure, its performance will determine the non-steady state 

conditions to yield the 3-D fight profle and will infuence aircraft noise sources 

∙ Aircraft source noise is dependent on the aircraft and the fight profle. 

More specifcally, noise in advanced operational fight procedures must be modeled with 

enough detail such that the varying contributions of each noise component are refected. 

Flight procedures defne the three dimensional aircraft position, thrust, velocity, and 

confguration profles as a function of time. These profles are dependent on one another 

by the aircraft drag performance and weight as well as wind conditions. Aircraft noise is 

attributed to both engine and airframe sources [11] and the contribution of each component 

varies diferently with the position, thrust, velocity, and confguration of the aircraft during 

the fight procedure. While in the past it was reasonable to approximate noise impact by 
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examining the aircraft in the steady state conditions on fnal approach or initial takeof close 

to the airport, aircraft can be operated with more fexibility in its procedure further from 

the airport and thus the component noise impacts due to operational variability must be 

considered. 

Given an aircraft design, various fight procedure modifcations within its performance 

capabilities can be implemented strategically to alter the position, altitude, velocity, 

confguration, and thrust and yield a resulting community noise reduction on approach or 

departure. Additionally, the magnitude of generated noise sources will also depend on aircraft 

aircraft specifc geometry and internal engine states. 

In order to be able to model the full range of options for diferent advanced operational 

fight procedures for both current and future aircraft, a modeling method must be developed 

that goes beyond existing capabilities. 

Existing methods for analyzing aircraft fight procedure noise can be summarized in two 

primary categories: noise-power-distance (NPD) based models and noise source component 

models. NPD models are interpolations of noise from data tables of existing aircraft and 

engines. Examples models that utilize NPD methods include the Aviation Environmental 

Design Tool, which is the standard tool in the US to provide FAA stakeholders with 

environmental impact information [12]. Such data tables consist of noise measured during 

fight tests of existing aircraft and engine combinations. These methods are useful for quickly 

simulating many approach and departure events. However, these methods are limited to the 

aircraft and engine combinations as well as aircraft states available in their databases, and 

thus model resolution is not good enough to assess complex fight procedures or future 

technologies. 

Alternatively, noise source component models contain functional relationships between 

the various aircraft noise sources and the aircraft operation state. Example methods include 

the NASA Aircraft NOise Prediction Program (ANOPP), which contains a series of modules 

for analyzing aircraft component level noise based on a combination of semi-empirical 

and physics based methods. The functional relationships depend on geometry or state 

information about the aircraft, such as wing or turbine entry temperature, rather than a 

named aircraft or engine. Such methods enable assessment of noise due to detailed aircraft 
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components, but require extensive set of inputs and are not well set up on their own to 

consider the entire fight procedure because these inputs will vary in the non-steady state 

regions of the fight procedure. Component level source noise modeling requires an extensive 

set of information about the aircraft attributes including the aircraft geometry, internal 

engine states including performance at design and of-design conditions, and high lift device 

and landing gear confguration, throughout the fight procedure. The details of the fight 

procedures assessed must also be modeled with accurate aircraft performance estimations. 

1.5 Thesis Objective 

Advanced operational approach and departure procedures performed by conventional and 

future aircraft have the potential to reduce community noise. To model the noise impacts 

of these procedures, there is a need for modeling techniques that can evaluate advanced 

operational fight procedures away from the airport that include noise impacts due to the 

aircraft position, thrust, velocity, and confguration setting as well as considerations for 

future aircraft concepts. 

Thus the thesis objective is to: 

∙ Develop systems analysis method that combines the aircraft, fght procedure, and 

component-based noise analysis to design, model, and assess community noise 

reduction possibilities of advanced operational fight procedures fown by conventional 

aircraft and aircraft with advanced technologies 

∙ To exercise the analysis method through the examination of several noise abatement 

approach and departure procedure concepts performed by conventional aircraft and 

assessing the community noise impacts compared to standard procedures 

∙ To exercise the analysis method through the examination of several advanced noise 

abatement approach procedure concepts enabled by advanced concepts. The particular 

example is the examination of hybrid electric aircraft implementing windmilling drag on 

approach and comparing the noise impacts of conventional gas-turbine engine aircraft 

to showcase the additional noise reduction potential 
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1.6 Thesis Outline 

Given the research goals above, the thesis is structured as follows. 

Chapter 2 gives background of historical and current trends in community noise 

surrounding airports. Followed is a summary of the literature of existing noise analysis 

methods and advanced operational fight procedures that have potential for noise reduction. 

Chapter 3 describes the framework developed to model advanced operational approach 

and departure procedures for conventional aircraft. This chapter details the fight 

profle generation method, the aircraft performance model for turbofan aircraft, the 

component-based aircraft noise model, and the community noise impact assessment module. 

It concludes with validation of the noise of several aircraft types against existing certifcation 

data. 

Chapter 4 details case studies of performance and noise of some of the advanced 

operational fight procedures that were frst introduced in chapter 2 as performed by 

conventional aircraft. Results are compared against aircraft performing standard fight 

procedures to quantify the noise beneft potential of the concepts. 

Chapter 5 is an extension of the framework described in Chapter 3 to include the aircraft 

performance model for hybrid electric aircraft, the drag model for windmilling engines, and 

the component-based aircraft noise model including windmilling engine noise. It concludes 

with validation of the windmilling drag model and an assessment of the modeled windmilling 

fan noise. 

Chapter 6 is an examination of several case studies involving the use of the windmilling 

drag concept with hybrid electric aircraft. Performance and noise for each procedure due 

to both standard turbofan aircraft and hybrid electric aircraft are compared to quantify the 

noise beneft potential of these concepts. 

Chapter 7 draws conclusions of the thesis, including the potential noise benefts of the 

procedures assessed with the framework, the identifcation of the need for validation of the 

noise impacts of the modeled fight procedures, and the potential for using the windmilling 

drag concept in advanced operational approach procedures as a noise beneft mechanism for 

hybrid electric aircraft. 
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Chapter 2 

Literature Review 

2.1 Primary Aircraft Noise Sources 

Community noise from aircraft on approach or departure is the unwanted sound heard by 

observers on the ground that is produced by the aircraft source components. Modeling 

aircraft noise requires identifcation of the primary noise sources. Aircraft noise can be 

divided into two main components: engine noise and airframe noise. The sub-components of 

engine noise depend on the type of engine. Common aircraft engine types, including those 

of hybrid electric aircraft, are propeller, turboprop/turboshaft, or turbofan engines. A brief 

summary of engine noise components are listed below: 

The primary categories of turbofan engine noise are as follows [11]: 

∙ Fan noise, or noise produced by turbulent air passing over fan blades, noise due to the 

interactions between fan rotor wakes and stator vanes, and shocks forming at blade 

tips moving at supersonic speeds; 

∙ Core noise, or noise produced due to mechanical interactions and vibrations in the 

compressor, combustor, and turbine, as well as from the combustion of hot gasses in 

the engine core and subsequent propagation through the turbine; 

∙ Jet noise, or noise produced from the shear layer between the fast airfow from the jet 

of the engine mixing with slower ambient air or the bypass stream 
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Propeller engine noise is composed primarily of noise due to or noise produced both 

by turbulent air passing over the propeller blades and rotational noise due to oscillating 

pressure as blades through the air [11]. Turboprop/turboshaft engines typically consist of 

propeller, core, and jet noise. This thesis focuses primarily on aircraft with turbofan engine 

noise components. 

Airframe noise comes from turbulence generated by the aircraft airframe, usually around 

geometry changes. This includes noise from the basic wing and tails, known as trailing edge 

noise, as well as additional noise from the devices that extend into the airfow such as faps, 

slats, and landing gear [11]. 

Figure 2-1 highlights the primary source noise components for a conventional aircraft 

with turbofan engines. Detailed descriptions of the aircraft noise sources are presented in 

section 3.3. 

Engine Noise

Core 

Jet 

Aircraft Noise Sources

Fan 

Airframe Noise

Trailing Edge 

Slats 

Flaps 

Landing 
Gear 

Figure 2-1: Primary Conventional Turbofan Aircraft Noise Sources, Engine and Airframe 

The distribution of engine and airframe noise dominance depends on the aircraft’s fight 

procedure. An aircraft in the early stages of departure is often in a state of high thrust, low 

speed, and relatively clean (faps and slats retracted, landing gear retracted) confguration. 

This leads to the engine being the dominant noise source compared to the airframe. Thus, 

on departure, thrust and climb rate management have a signifcant impact on total noise. 

On approach, the engines of an aircraft on approach are often in a relatively low thrust state 
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while the aircraft is confgured with high lift devices and landing gear extended in preparation 

for landing. Thus, on approach, airframe noise tends to be as loud as or dominate to engine 

noise, making reduction in or removal of airframe noise sources signifcant for overall noise 

reduction on approach. 

Noise consists of pressure waves over a wide range of amplitudes and frequencies. Noise 

intensity is measured in units of decibel (dB), which is a logarithmic ratio of the actual sound 

pressure level (SPL) to the threshold of hearing of 20 �� �. While the audible frequency range 

for humans is 20 Hz to 20,000 Hz, humans are particularly responsive to and annoyed by 

frequencies in the 2 kHz to 4 kHz range. Thus, diferent noise metrics are weighted to refect 

the signifcance of certain frequencies. 

Many factors infuence the noise perceived by observers. Noise sources are typically 

either broadband or tonal in nature. Broadband components are typically associated with 

random turbulence or mixing that occur over a wide range of frequencies (such as turbulence 

generated by the airframe components extending into the airfow) while tonal components 

are associated with periodic steady state movements that excite certain frequencies (such as 

rotating engine components). 

Noise emitted from a source decays with the distance between the source and observer 

due to spherical spreading. Additional factors that will change the magnitude of noise 

received include atmospheric attenuation and ground refection. Atmospheric absorption 

refers to the decrease in noise intensity due to the dissipation of acoustic energy to 

viscous efects and molecular interactions and is a function of meteorological factors such 

as temperature, pressure and humidity. Generally higher frequency noise sources dissipate 

energy and thus are more attenuated in the atmosphere than lower frequencies [13]. Noise 

attenuation through the atmosphere at a given frequency increases with decreased humidity 

[13] as dry air is more dense and absorbs more acoustical energy than moist air. Temperature 

impact on attenuation depends on frequency and humidity [13]. Ground efects, terrain, and 

any additional sound insulation at the observers are also factors. Whether the surface at 

the observers is acoustically "hard" or "soft" will impact the noise signature at the ground. 

Acoustically hard surfaces will generally result in stronger refection of sound waves and 

depending on the geometry of the sound wave source and observer location can result in 
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constructive or destructive interference of sound waves [14]. Acoustically soft surfaces such 

as grassy terrain will result in a stronger absorption of sound wave energy. 

In addition, noise sources add logarithmically. Therefore, if a component is already 

producing a given amount of noise, every addition of an additional equal noise source results 

a +3.01 dB increase in total noise, regardless of the magnitude of the noise components. 

Adding an additional noise source to a system that is below the original system noise will 

result in little change to the logarithmic sum of all noise components. 

Some common metrics for representing noise that are used in this thesis are as follows 

[15]: 

∙ L�,� �� : The maximum A-weighted sound pressure level (L�,��� ) heard by an 

observer during an aircraft’s entire fight. The A-weighting applied to this metric 

reduces the decibel values of sounds at low frequencies, as the human ear is less sensitive 

at low frequencies [15]. 

∙ EPNL: The Efective Perceived Noise Level (EPNL) is built from perceived noise 

levels, or measures of the human response to sound of constant intensity across the 

range of frequencies in the audible range. The perceived noise levels are further 

corrected at specifc tones depending on their level above the local ambient sound level 

and their frequency. For a given observer, the tone-corrected perceived noise levels 

received during an entire fight event that are within 10 dB from the maximum level 

received are integrated in time for a representation of annoyance due to the duration 

of the noise event. This fnal integrated value is the EPNL [28]. EPNL is the noise 

metric used for Part 36 noise certifcation levels [16]. 

∙ SEL: The Sound Exposure Level (SEL) at a particular observer, similar to EPNL, is 

an integration in time of noise levels heard from a fight event that are within 10 dB 

from the maximum sound level, as shown in Figure 2-2. SEL is also a measure of sound 

intensity and its duration. Rather than being an integration of perceived noise levels 

however, this metric is an integration of A-weighted sound pressure levels [15]. 
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Figure 2-2: Sound Exposure Level Calculation Representation, Figure by A. Trani [17] 

∙ DNL: The Day Night Average Sound Level (DNL) is the average noise level over a 

24-hour period and is computed as shown in equation 2.1 [18]. Ten to the power of the 

SEL contours of all fights occurring during the day and ten to the power of the SEL 

contours occurring at night between 10pm and 7am summed with an additional 10 dB 

are added together and normalized by the 86,400 seconds in a day. DNL is then equal 

to 10 times the logarithm of this value. 

[ ( )] 1 ∑ 
10��� ∑ 

10
���+10 

10��� = 10���10 10 + (2.1)86, 400 �������ℎ�� ���ℎ�����ℎ�� 

The 65 dB DNL contour is used by the FAA as the noise threshold below which 

residential land use is compatible according to 14 CFR Part 150 and below which noise 

impacts in residential areas are no longer considered "signifcant" under The National 

Environmental Policy Act of 1969 (NEPA) [2]. 

2.2 Aircraft Noise Improvements Since 1969 and 

Present Considerations 

Increasing trafc of aircraft equipped with engines that were not originally designed for noise 

suppression in the late 1960’s resulted in great pressure for noise control around airports. 
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This resulted in the creation of Federal Aviation Rule Part 36 (FAR-36) in 1969, which set a 

limit on the maximum noise levels for certifcation of new aircraft [19]. With this standard in 

place, aircraft noise became a signifcant consideration in engine and aircraft design. One of 

the major design changes was transitioning from equipping aircraft with turbojets originally 

designed for military aircraft to equipping them with high-bypass ratio turbofans. This 

change, which has the beneft of improving propulsive efciency on cruise [19], also leads 

to a reduction of jet noise by reducing the jet exit velocity (further discussed in section 

3.3.1). Figure 2-3 shows a sample comparison of the 85 dB noise contour on departure of a 

1960s Boeing 727 with a modern A320-200 equipped with modern high-bypass ratio CFM56 

engines [11]. The contour for the A320-200 is nearly 9 times smaller than the area of the 

Boeing 727, showing the signifcant noise reduction due to engine improvements. 

Figure 2-3: 85 dB Noise Contour of a 1960s Boeing 727 on Departure Compared to a Modern 
A320-200, Figure from [11] 

Aircraft noise has continued to decrease as stricter noise standards have been introduced. 

The cumulative efective perceived noise levels from the three certifcation locations defned 

in the Part 36 regulations of new aircraft must fall below thresholds referred to as "stages". 

These stages which have become stricter over time. Certifcation noise levels of various 

aircraft types compared to stage regulations by year are shown in Figure 2-4. 
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Federal Aviation
Administration
Federal Aviation
Administration

Historical Trends: Source Noise and Noise Exposure
• A factor of 20 decrease in 

community noise exposure has 
been accompanied by 
increased community concerns

• GAO Reports state 
environmental issues can 
cause delay in projects1, 2

4
Source:
1. http://www.gao.gov/archive/2000/rc00153.pdf
2. http://www.gao.gov/assets/310/309622.pdf

• The implementation of 
precision aircraft navigation 
over the last few years has 
been accompanied by 
increased airport community 
concerns regarding noise

Figure 2-4: Turbojet Aircraft Noise Certifcation Levels by Year Compared to Noise Stage 
Levels, Figure from FAA [20] 

Since 2003 the Federal Aviation Administration has published over 9000 

performance-based-navigation (PBN) procedures through NextGen [21], including area 

navigation (RNAV) and more precise required navigation performance (RNP) procedures. 

PBN procedures are precise 3D fight paths utilizing GPS. Aircraft fying PBN procedures 

save time and fuel compared to traditional ground-based radar navigation and air trafc 

control can have greater confdence in routing aircraft and placing routes closer together 

given that the aircraft position and performance is more predictable [22]. 

PNB procedures have been implemented at airports such as Seattle-Tacoma (SEA) [23], 

Charlotte Douglas (CLT) [24], and Boston Logan (BOS) [25] through the implementation of 

NextGen. While they have yielded benefts in efciency and throughput at these airports, 

an unexpected noise challenge has arisen due to the concentration of once well spread fights 

into concentrated tracks. It has become evident that some PBN procedures have potential 

unintended consequences for community noise impact [26]. 
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(a) (b) 

Figure 2-5: Concentration of Flight Tracks out of Runway 33L at BOS with the Introduction 
of RNAV (a) and Decrease in DNL 65 dB Noise Contour at BOS by Year (b), Figures from 
Massport [27] 

Figure 2-5 (a) above shows the concentration of fight tracks out of RWY 33L at BOS 

with the introduction of RNAV procedures. As shown in Figure 2-5 (b), the population 

exposed to BOS’s 65 dB DNL noise contour has actually decreased signifcantly since 1990 

[27]. However, as shown by the map of complaints around BOS in 2015-2016 in Figure 

2-6 below, in the regions extending far from the BOS 65 dB DNL contours, beneath both 

the concentrated departure and arrival tracks, there are a large number of locations where 

aircraft noise complaints were fled. 

Increased precision of aircraft navigation technologies has allowed several operational 

benefts such as improved safety, reduced ATC workload, higher runway throughput, reduced 

fuel burn, better terrain avoidance, and lower approach minimums [28]. However, the noise 

concentration has lead to community opposition and frustration around the U.S. [29]. 
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(a) (b) 

Figure 2-6: Complaint Locations Filed at BOS during 2015-2016 Overlaid on 12 days of 
Departure Tracks (a) and Arrival Tracks (b), Figures from Massport [27] 

Given the desire to continue the implementation of NextGen due to the benefts in 

efciency and predictability that it provides, PBN procedures will likely continue to be used 

but will require alternative management methods so that they comply with noise reduction 

eforts. Ideally, PBN technology and procedures can be used to reduce overfight noise while 

retaining operational benefts. Flight procedure adjustments and further advancements in 

aircraft design may be the path forward for continued noise reductions. 

2.3 Existing Aircraft Noise Models 

Many aircraft noise models exist that ofer varying degrees of fexibility, speed, and 

applicability to advanced aircraft confgurations or fight procedures. In the past aircraft 

noise models that focused primarily on engine noise or steady state operating conditions 

within a few nautical miles from runway ends were sufcient because engine noise was 

the dominant source component and many noise regulations are focused near the airport. 

However, as was described in section 2.2, not only have engines gotten quieter and airframe 

noise sources have become more important, but communities have become more sensitive to 

concentrated noise events further from the airport. 

One technique for evaluating the noise due to approaching and departing aircraft is 
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the Noise-Power-Distance (NPD) based approach. In the NPD approach, aircraft noise 

is empirically determined via an interpolation of noise data tables. An example are the 

curves represented in Figure 2-7, where noise is interpolated as a function of thrust and 

distance between the observer and aircraft. An NPD method is implemented in the Aviation 

Environmental Design Tool (AEDT), which is the standard tool in the US to provide FAA 

stakeholders with environmental impact information [12]. The Civil Aviation Authority 

Aircraft Noise Contour Model (ANCON) is utilized in the UK with a similar NPD approach 

[30]. This approach is benefcial for rapidly simulating a large number approach and 

departure events to model metrics such as the 65 DNL level. However, it is limited by 

the variety of operating conditions available in the databases from which noise is being 

interpolating from. 

40

50

60

70

80

90

100

110

120

200 2000 20000

So
un

d 
Ex

po
su

re
 L

ev
el

 (d
BA

)

Distance from Source (feet)

Noise Power Distance (NPD) Curves
GE CF6-50 (Airbus A300)

40,000lb Departure
25,000lb Departure
10,000lb Arrival
25,000lb Arrival

Figure 2-7: Sample NPD Curves for an Airbus A300 

The empirical data used in NPD methods is collected from approach and departure 

procedure measurements in diferent performance states for a given aircraft and engine 

combination. In AEDT, the NPD curves are specifed for aircraft at various power settings 

in both approach and departure, with approach curves provided in an approach condition 

with faps and landing gear extended. Changes in airspeed are refected in the calculation 

of duration based metrics such as SEL, however noise source magnitude as a function of 

airspeed is not refected. In addition, this tool is not sufcient for modeling noise impacts 

due to changes in confguration settings because of the limited set of curves for diferent 

confgurations. 
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Noise modeling methods that model source noise impacts of various components as 

a function of more detailed aspects of a fight procedure (such as speed or confguration 

changes) address these limitations. One method to do this is with higher-fdelity NPD 

data sets that refect changes in speed or confguration as desired for modeling. Georgia 

Tech is developing methods to incorporate variables such as speed and confguration into 

existing NPD sets [31]. Models with more extensive databases that represent more aircraft 

states have also been developed. For example, the German Aerospace Center (DLR) has 

developed SIMUL, which is a database of source noise from wind tunnel and fyover testing 

that separates noise into engine and airframe components [32]. The noise prediction tool 

FLULA by the Swiss Federal Laboratories for Materials Testing and Research [33] is another 

method developed from dedicated noise measurements for several aircraft types. 

In general, methods relying on noise databases are limited to the fight procedure 

conditions corresponding to when the noise levels were measured as well as the aircraft 

and engines available within their databases. Alternative methods include noise component 

based modeling provide functions representing relationships between noise and physical 

characteristics of the aircraft state rather than databases corresponding to specifc aircraft 

or engines. 

An example component based model that uses a combination of semi-empirical and 

physics based methods for assessing noise is the NASA Aircraft Noise Prediction Program 

(ANOPP) [34]. Modules within ANOPP include methods to model standard engine sources, 

such as fan, core, jet, propeller sources, as well as trailing edge, landing gear, fap, and slat 

airframe sources at a user-defned observer grid for a single event fight procedure. Prediction 

methods are based on noise data measurements combined with physics based models and 

continue to be improved over time. Models within ANOPP are not linked to specifc aircraft 

and engines. Instead, they require details about the aircraft geometry, such as wing area and 

landing gear geometry, and performance state of the aircraft, such as mass fow through the 

fan or jet velocity, rather than, for example, a named engine and throttle setting. The model 

can thus be used for predictions of new aircraft types or engines, although noise modeling of 

specifc components with this method is limited by the modules available within the program. 

External noise sources that cannot be modeled using the modules available within ANOPP, 
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such as a windmilling engine, can be incorporated as inputs to the program. 

Another example component noise model developed by DLR is the Parametric Aircraft 

Noise Analysis Module (PANAM) [32]. PANAM predicts noise for aircraft on arbitrary 

approach and departures and is composed of semi-empirical engine and airframe source noise 

methods. These include the jet noise method by Stone [35] and the fan noise method by 

Heidmann [36], which are also implemented in ANOPP. Methods for the airframe components 

were developed at DLR via wind tunnel of Airbus A320/A340 family aircraft geometries and 

fyover measurements of Airbus A320 family aircraft [37][38][39]. The airframe modeling 

methods in ANOPP include both the Fink methods [40] for wing and tail trailing edge noise 

and Guo methods for slats, faps, and landing gear noise [41][42][43][44]. 

These methods are useful as a stand alone for analyzing component-level aircraft 

noise. However an extensive set of inputs are required for modeling of diferent aircraft 

confgurations or advanced fight procedures. Modeling component level noise from such 

functions requires detailed information about the aircraft geometry, engine performance 

states, and fight profles. These parameters must be obtained from external data or modeling 

sources that also accurately represent how they are related to each other (such as how aircraft 

velocity or thrust impacts the engine internal performance state or how fight speed relates to 

the aircraft confguration and deployed geometry). Flight profles for the desired procedure 

must also be supplied externally. 

Example systems and frameworks have been formulated that incorporate aircraft 

performance information with the component based noise methods. The conceptual level 

aircraft design environment SUAVE from Stanford has incorporated ANOPP into an 

aircraft conceptual design process with acoustic constraints based on certifcation points 

[45]. A framework was created for the Silent Aircraft Initiative–the goal of which was 

to design an aircraft that has an imperceptible noise footprint outside of the airport 

perimeter–consisting of aircraft design and noise analysis using industry standard methods 

such as Fink methods for trailing edge noise and Stone and Heidmann methods for jet and fan 

noise with modifcations to account for fight corrections, fan liner attenuation, and shielding 

applicable to the silent aircraft design [7][6]. PANAM [32] has been incorporated into a 

framework consisting of an aircraft preliminary, multidisciplinary design model [46], capable 
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analyzing unconventional aircraft confgurations with numerical methods for aerodynamic 

and structural analysis, and fight simulation tools to model aircraft noise at the conceptual 

design phase as well as to be able to examine noise abatement fight procedures. 

2.4 Noise Abatement with Advanced Operational 

Flight Procedures 

Several noise abatement fight procedure concepts have been proposed and assessed in the 

literature. These include both lateral profle adjustments and vertical profle adjustments. 

2.4.1 Lateral Profle Adjustments for Noise Abatement 

Lateral profle adjustments, or change in the aircraft horizontal fight track, can be used 

for noise abatement if designed to avoid overfying noise sensitive communities. Several 

examples of lateral track adjustments so that the number of people impacted by fy over 

events is minimized have been examined for various airports [47][3][1][48]. 

The design of procedure tracks is limited by the design criteria for diferent navigation 

technologies. The criteria for procedure design are given in the US Standard for Terminal 

Information Procedures (TERPS) [49]. Relevant aspects of approach criteria design include 

fx-to-fx leg length, required obstacle clearance, fnal approach segment length, and glidepath 

angle [47]. RNP Authorization Required (RNP-AR) technology allows for horizontal fight 

path designs that are less restrictive than RNAV fight path designs. RNAV technology allows 

for navigation between waypoints, while the less restrictive RNP AR technology also allows 

for defnition of the fight track between waypoints. For example, some of the procedure 

design criteria that must be considered for RNAV and RNP procedures is that the RNAV 

fnal approach intercept angle must be 15∘ or less for procedures with vertical guidance, 

while RNP fnal approach angles may be as great as 90∘. 

The total equipage levels are also an important consideration for procedure design and 

air trafc considerations. Although RNP-AR procedures have advantages in fexibility of 

design, in the United States National Air Space, only about 50% of the aircraft feet are 
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equipped with RNP-AR technology; while greater than 95% of the aircraft feet are RNAV 

equipped [50]. 

An example procedure consisting of a lateral track adjustment for noise abatement is 

presented for the arrival into Runway 22L at BOS. Because BOS is near water, one method of 

providing noise abatement is over-water RNAV and RNP procedures. Figure 2-8 the standard 

ILS approach path into BOS Runway 22L. Beyond 5 nmi from the runway threshold, the 

fight track is concentrated over land during the standard 22L ILS fnal approach. 

An alternative RNAV approach concept with an RNP overlay to Runway 22L at BOS is 

also shown in Figure 2-8. Figure 2-8 also shows the population density per square mile 

taken from 2010 census data plotted on land. Aircraft on the standard ILS approach 

procedure into Runway 22L overfy a region of 50,000+ population/square mile near the 

VOCUS waypoint. The proposed procedure instead incorporates a turn over the Nahant 

Causeway and a 15∘ intercept with the fnal approach segment. Compared to the standard 

ILS approach procedure, the modifed lateral procedure concept approach remains over-water 

and thus overfies much less people. 
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Figure 2-8: Lateral Profle Adjustment Example, BOS 22L RNAV Approach with RNP 
Overlay; Figure from [3] 

Another example of lateral profle adjustments includes returning to the dispersed fight 
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tracks similar to the pre-RNAV conditions as seen in Figure 2-5 (a). Doing so redistributes 

noise for communities, potentially benefting some while potentially dis-benefting others. 

BOS is one airport where such dispersion concepts have been examined [51] [3]. 

While lateral profle adjustments for particular airports and runways may provide 

opportunity for noise abatement, airspace constraints and aircraft separation criteria 

limit the extent to which tracks that can be moved for noise abatement. Additionally, 

redistributing noise has the potential to dis-beneft some communities. 

2.4.2 Vertical Flight Profle Adjustments for Noise Abatement 

Vertical profle adjustments, or adjustments to the aircraft’s altitude, velocity, thrust, or 

confguration profle, are also methods for noise abatement. Vertical profle adjustments can 

be carried out both on departure and approach. 

Thrust Management Departures 

Vertical profle adjustments for departure often focus on thrust, climb rate, and altitude 

adjustments given that the cleaner confguration and higher engine power in these procedures 

results in the noise being dominated by the engine. 

While procedures vary by airline, a typical departure profle in the US consists of an 

initial high thrust climb segment to a transition altitude, usually between 1,000 and 2,000 

feet above ground level, followed by a thrust reduction and acceleration segment to a target 

climb speed, typically 250 kts below 10,000 feet. This thrust reduction is recommended 

for noise reduction in ICAO document 8168 [52]. After the thrust reduction and as the 

aircraft accelerates, the faps are incrementally retracted until the wing is in its fap and 

slats retracted confguration. This is consistent with what the International Civil Aviation 

Organization (ICAO) describes as Noise Abatement Departure Procedure 2 (NADP 2) 

in document 8168. An example variation of this standard procedure is the FAA Noise 

Abatement Departure Procedure 1 (NADP 1), during which the aircraft holds its initial 

climb speed to 3,000 ft before accelerating to the target climb speed for altitude gain. 

An additional departure procedure that results in a steep initial climb profle is 
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performed by maintaining high thrust and the initial takeof speed during the procedure [1], 

as shown in Figure 2-9. Such a procedure may have less noise beneft close to the airport, 

but potential beneft further from the airport due to the higher altitude of the departing 

aircraft. 

Figure 2-9: Profle for a High Thrust Steep Climb Compared to a Standard Departure, 
Figure from [1] 

Additional variations of departure climb profles for noise mitigation have been assessed. 

One example is of a high thrust initial climb followed by a cutback compared to standard 

departures at Boston Logan International Airport [5]. John-Wayne Airport in Santa Ana, 

California utilizes a similar high thrust initial departure followed by a cutback after 800 ft 

in order to meet the noise regulations at the airport [53]. Behere et al. assessed various 

vertical departure procedure modifcations for specifc aircraft for takeof noise mitigation 

at Atlanta Hartsfeld-Jackson International Airport (ATL) [54]. Helby et al. has also 

developed method for examining optimal departure climb profles to minimize population 

noise exposure utilizing an NPD method for noise modeling [55]. 

Continuous Descent and Steeper Approaches 

In conventional approach procedures, aircraft descend and decelerate relatively early in the 

approach and fy level segments until interception with the ILS glide slope and fnally 

touching down. As a result, aircraft may fy in dirty, high thrust confgurations at low 

altitudes for longer in the approach profle than necessary, creating noise for the communities 

below [56]. Alternatives to the standard approach procedure keep aircraft high, cleanly 
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confgured, and at low thrust for as long as possible to reduce both engine and airframe 

noise. 

Continuous Descent Approaches (CDAs) are an example of an altitude management 

procedure for noise abatement. During CDAs, aircraft maintain a continuous glide path 

from initial descent before intercepting the ILS glide slope. Figure 2-10 shows a comparison 

of a CDA versus a standard approach with level segments. 

procedure design process are discussed in the context of the UK environment and compared to less congested 
airspace in other parts of the world. Analysis tools that enable impacts on key metrics to be assessed, including 
environmental and operational factors are described and used in a case study to demonstrate their utility. Finally, key 
insights and areas of promising future research are presented. 
 

II. History & Types of Noise Abatement Procedures in the UK 

A. History 
Noise limits and monitoring systems were first introduced at London Heathrow and New York Idlewild (now 

Kennedy) in the 1960s in response to the growing numbers of Boeing 707 and Douglas DC8 aircraft operating from 
those airports.1 But it was not until the early 1970s that international noise certification standards were introduced 
which set limits on the amount of aircraft noise permitted at three critical operating points (take-off, approach and 
sideline). This led to the development of new noise-control technologies, especially by the engine manufacturers 
who introduced higher bypass ratios, new nacelles and hush-kits. Increasingly stringent noise certification limits 
were introduced in subsequent years as these technologies matured. The mid-1970s saw the first efforts to reduce 
environmental impacts through operational means, spurred on by the stricter requirements and the added challenges 
of the international fuel crisis2,3 and introduction of Concorde.4 Take-offs with various de-rated power settings or 
cut-backs at different altitudes were developed for departures. However, it was on approach where challenges were 
greatest due to the needs for traffic sequencing and proper aircraft configuration prior to landing. NASA examined 
the feasibility of steep (4-7º) initial approach segment prior to transitioning to a conventional 3º final segment at 
400-1000 ft.5 Although effective at reducing noise, its application was limited due to safety concerns in the event the 
transition was not properly accomplished. At Heathrow, Lufthansa and British Airways developed a “low-drag, low 
noise” procedure that delayed the deployment of flaps and gear relative to standard approaches. Lufthansa 727s 
routinely flew this procedure into Heathrow under visual conditions, providing simultaneous reductions in both 
noise footprints and fuel burn.6 Although widespread application of the procedure was limited due to the inability of 
some other aircraft types to properly follow the profile, it was a precursor to the more general Continuous Descent 
Approach (CDA) concept that is finding widespread use today. For example, in October 1993, the UK Secretary of 
State requested the Aircraft Noise Monitoring Advisory Committee (ANMAC) to consider the feasibility and 
practicality of noise limits for landing aircraft.  Studies were carried out in the UK during the period 1994-98 with a 
recommendation in 1999 that a working group should be established to produce a code of practice to address the 
issue of minimizing aircraft noise.7 This resulted in the publication of ‘Noise from Arriving Aircraft, an industry 
code of practice’8 in February 2002 and which has formed the basis for a majority of the work in minimizing arrivals 
noise through the use of CDAs in the UK and throughout Europe. Although CDAs are generally acknowledged as 
the primary method of reducing aircraft noise in the short term, there are several ways of implementing them that are 
the subject of much discussion. For example, the topics of lateral concentration of CDA flights down a few “low 
impact” routes versus lateral dispersion of tracks to spread noise more equitably; the impacts of noise over sensitive 
areas such as national parks; and the ability to “trade” noise and emissions are all becoming increasingly important 
in political arenas, although detailed discussion is beyond the scope of this paper. 

B. Continuous Descent Approaches 
The CDA reduces noise and fuel burn by keeping aircraft higher and at lower thrust for longer than conventional 

“step-down” approaches, as shown in Figure 1. Ideally, level segments and associated thrust transients are 
eliminated. 
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Figure 1. Continuous Descent Approach Concept 
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Figure 2-10: Continuous Descent Approach Concept Compared to a Conventional Approach 
with Level Segments, Figure from [57] 

CDA procedures have been assessed in the literature. This includes the work of Clarke 

et al. [58], who assessed CDA procedures for noise reduction at Louisville International 

Airport. A helical noise abatement procedure where the aircraft approaches the airport at 

a high altitude and performs a spiralling descent to the runway has also been examined at 

DLR [59]. CDA procedures have also been implemented at various airports; for example, 

they account for the majority of arrivals at London Heathrow Airport [60]. 

Additional variations of CDAs, such as steeper approaches where aircraft descend at 

higher than the standard 3∘ descent angle, and two-segment approaches, where aircraft are 

fown at steeper decent angles enabled by their performance capabilities before intersecting 

with the ILS glide slope, increase the altitude between the aircraft and population even 

greater extents, depending on the achievable descent angle. These concepts are diagrammed 

in Figure 2-11. 
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Figure 2-11: Steep and Two-Segment Approach Concepts Compared to a 3∘ Continuous 
Descent Approach, Figure from [1] 

Steeper descent approaches have also been examined in the literature, including the 

noise impacts of an aircraft performing a 3.77∘ descent compared to a 3∘ descent [1]. The 

noise benefts of steeper descents have also been examined experimentally during a steep 

approach demonstration study at London Heathrow Airport [61], where aircraft following 

a 3.2∘ glide slope were shown to have a reduced noise signature of about 1 dB compared 

to aircraft fying 3∘ glide slopes. Visser et al. also examined optimal descent profles for 

minimal noise exposure using an NPD noise analysis method [62]. 

Delayed Gear Approaches 

Another example of vertical profle adjustment is profle management to delay the onset 

of confguration noise. As indicated in section 4.3.2, delaying gear deployment can have a 

signifcant impact reducing approach noise. An example delayed gear approach is shown in 

Figure 2-12. In this example, rather than deploying gear at 1,700 ft, landing gear deployment 

is conceptually delayed until 1,000 ft where aircraft are required to be fully confgured and 

at the fnal approach velocity. 
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Area exposed to gear noise

Standard approach needs noisy landing gear deployment 
early in order to decelerate and land

Delaying landing gear deployment reduces noise

Figure 2-12: Delayed Gear Deployment Concept 

Delayed gear deployment has the potential for noise reduction due to both the delay 

of gear noise as well as noise due to any associated reduced thrust. DLR has examined 

a continuous descent approach procedure concept with delayed landing gear extension [32] 

studied with PANAM. 

Delayed Deceleration Approaches 

An additional alteration of the vertical profle that may have a noise beneft is velocity and 

high lift device deployment management. This is done in Delayed Deceleration Approach 

procedures (DDAs), diagrammed in Figure 2-13. Compared to a standard approach, where 

aircraft decelerate and deploy faps and slats early and maintain required higher than idle 

thrust through these segments, in delayed deceleration approaches the aircraft maintains the 

initial approach speed until a closer distance to touchdown, thus delaying when high lift 

devices must be deployed. 
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Abstract—Delayed Deceleration Approaches (DDAs) have the 
potential to be important elements of Optimized Profile Descents 
to minimize fuel burn and emissions by maintaining airspeed 
above the initial flap speed for as long as possible during 
approach. This reduces drag and associated engine power 
requirements. This paper provides a comprehensive summary of 
the work performed to analyze this topic over the last few years. 
First, flight data recorder analysis is presented which shows a 30-
50% approach fuel and emissions reduction potential through 
use of DDAs. Second, analysis of approach procedures at a range 
of US airports are presented to identify specific opportunities for 
increased DDA use. Third, a noise study of DDA procedures 
relative to conventional approach procedures is presented which 
finds negligible noise impacts. Finally, given the significant 
benefits potential, airport opportunities and negligible noise 
impacts determined from these analyses, recommendations to 
increase the implementation of DDAs using appropriate speed 
targets on area navigation approach procedures are discussed. 

Keywords-Delayed Deceleration Approach; fuel and emissions 
reduction; noise impacts; RNAV procedure design. 

I. INTRODUCTION 

Many studies [e.g., 1-4] have explored the potential for fuel 

burn, emissions and noise efficiencies in the descent and 

approach phases of flight through different types of Optimized 

Profile Descents (OPDs). One technique which has been 

studied for many years is the Continuous Descent Approach 

(CDA) [2-5]. CDAs are designed to eliminate level segments 

present in conventional “step down” approaches, keeping 

aircraft at higher altitude and lower thrust for longer, thereby 

reducing noise impacts, as well as fuel burn and emissions. The 

Delayed Deceleration Approach (DDA) concept is 

complementary to CDA in that they share an objective to 

reduce fuel and emissions, but DDA is primarily focused on 

the speed profile whereas a CDA primarily focuses on the 

altitude profile. In practice there is coupling between the 

altitude and speed profiles (for example an aircraft may only be 

able to decelerate a given amount during a level altitude 

segment) and finding the best combination of altitude and 

speed profiles for a given approach is the ultimate objective to 

achieve an efficient OPD at any given airport. 

There are two fixed speed constraints in most approach 

operations shown in Figure 1: (1) the terminal area entry speed 

(e.g., 250 kts at 10,000 ft); and (2) the stabilized final approach 

speed. There is often significant flexibility the speed profiles 

between these constraints. It is observed in empirical data that 

aircraft often decelerate relatively early after entering the 

terminal, as illustrated by the red region in Figure 1. This can 

be for a number of reasons, for example air traffic control may 

command early deceleration to give more time to space and 

sequence traffic onto the final approach or because of slower 

traffic ahead in the arrival stream. Earlier deceleration is 

accompanied by deployment of high-lift devices, requiring 

higher engine thrust to counteract the resulting higher drag and 

giving rise to higher approach fuel. This can be avoided by 

implementing a Delayed Deceleration Approach (DDA) shown 

by the blue region in Figure 1. The aircraft is kept faster and 

hence in a cleaner aerodynamic configuration for longer with 

associated lower fuel burn and emissions due to lower engine 

thrust requirements. Deceleration to the final approach speed 

still occurs with sufficient time to comply with current 

stabilization criteria such that safety is not adversely affected.  
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Figure 1.  Delayed Deceleration Approach Concept 

This paper assesses some of the key potential benefits, 

challenges and opportunities associated with increased DDA 

deployment. Section II presents flight data recorder analysis to 

estimate fuel and emissions savings potential from the DDA 

concept. Section III analyzes the approach speed deceleration 

characteristics and their drivers at a range of US airports using 

radar data. Opportunities and air traffic control challenges of 

increased DDA concept utilization are discussed based on the 

results. Section IV summarizes an assessment of noise impacts 

Figure 2-13: Delayed Deceleration Approach Concept, Figure from [56] 

Prior analyses have shown that the reduced fight time and thrust during this procedure 

yields signifcant reductions in fuel burn [56]. An example of this is shown in Figure 2-14. 

As can be seen in Figure 2-14, fight recorder data for Airbus A320 fights associated with 

lower airspeeds versus distance to touchdown were also associated earlier fap deployment, 

higher thrust settings, and higher fuel burn. 
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Figure 2-14: Airbus A320 Fuel Burn and Performance Profles, Figure from [56] 
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In addition to fuel burn reduction, the reduced thrust and delay of deployment of 

required high lift devices also has the potential for noise reduction. These benefts have 

lead to the development of pilot assistance systems such as the Low Noise Augmentation 

System (LNAS) at DLR [63]. This system was designed to show the pilots the optimal 

moments to retract faps with minimum thrust in the approach so that the lowest noise and 

fuel burn can be achieved. 

2.5 Noise Reduction Opportunities of Advanced 

Confgurations 

Various advanced confguration concepts can be implemented to reduce aircraft noise at the 

vehicle level. These include both direct modifcations to reduce noise for various sources as 

well as hybrid or electrifed aircraft confgurations that may not be specifcally designed for 

noise reduction but have noise reduction potential. 

2.5.1 Quiet Drag Concepts 

Performing advanced operational noise abatement approaches often requires considering 

whether or not the aircraft will have adequate drag to control its deceleration profle. 

Traditionally, this drag is provided by spoilers, high lift devices, or landing gear. However, the 

trailing edge fap noise, as well as noise due to blunt bodies such as landing gear interacting 

with the airfow can add signifcant airframe noise [5] [64]. Releasing gear is a common 

method by pilots to dissipate aircraft energy on approach, especially for aircraft with high 

lift to drag ratios. Thus, there is also a safety concern with these vertical management 

approaches because they increase approach energy and thus may increase the risk of runway 

excursion. Runway excursions were the third leading cause of fatal commercial jet aircraft 

accidents between 2008 and 2017 [65]. If gear or speed brakes are released upon glideslope 

intercept in order to aid in deceleration, or if air trafc requires a quicker deceleration for 

sequencing aircraft, additional noise due to these high drag devices could ofset the benefts 

of a higher altitude in a continuous descent approach. 

46 



One method for which the noise benefts of continuous descent, steeper, and delayed 

confguration approaches could be realized is by equipping aircraft with alternative sources of 

drag that are quieter than traditional drag-generating aircraft components. Several concepts 

that reduce the crevices of high-lift devices and landing gear and thereby reducing noise 

sources attributed to fow disruption have been studied. One example is the use of continuous 

mould-line technology that provides noise reduction by removing the gaps between faps [66]. 

Another example are fairings used to bend the wheels and axles of landing gear to create a 

smoother surface than with traditional landing gear that can reduce gear noise [67]. While 

these technologies have been shown to reduce the noise of their components by several 

decibels, they may alter the performance characteristics of various components. Landing 

gear fairings, for example, were shown to result in up to a 1/3 gear drag reduction [67], 

which is contrary to the desired performance necessary to perform a steeper, slow descent. 

Another quiet drag concept separate from alterations from high lift devices and landing 

gear is the “engine air brake” concept proposed by Shah [68]. This concept creates drag in 

a traditional turbofan engine through the use of deployable non-rotating vanes behind a fan 

pumping stage that swirl the exit fow and create a momentum defcit. Such devices were 

shown conceptually to produce enough drag to enable an increase in glideslope from 3∘ to 

6∘ for several aircraft. 

A third potentially quiet alternative drag concept is to reduce the rotation rate of the 

engine fan or propeller to that of windmilling conditions. This condition also creates a 

momentum defcit behind the engine. The physical mechanism of drag production by a 

windmilling or low RPM fan is shown conceptually in Figure 2-15, which shows diagrams 

of the resultant forces on fan blades in diferent RPM operations. As Figure 2-15 shows, in 

a windmilling condition, the rotational velocity Ω� at a blade section is reduced to below 

the freestream velocity �∞. The high advance ratios (�∞/Ω�) result in the blade airfoils 

operating at angles of attack (�) that are negative. The resulting lift (dL) and drag (dD) 

forces on a blade section yield net resolved thrust (dThrust) and torque/r (dTorque/r) 

forces in the x and y axes. This produces overall net thrust in the direction of fight for 

normal operations and potentially net thrust opposite of the direction of fight, or drag, for 

windmilling or low RPM operations, depending on the blade performance characteristics. 
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Figure 2-15: Resultant Blade Section Forces for Two RPM Operations, 𝑉∞ = free stream
velocity, Ωr = rotational velocity at radius r, U = total velocity, 𝛼 = angle of attack

The drag that this condition produces is great enough that pilots often must mitigate

it by stopping rotation or feathering the blades. A 1973 NTIS report cites that windmilling

engines were demonstrated to enable high rates of descent under full control of a Douglas

DC-4 [69]. However such a procedure was never deemed operational due to safety

considerations such as the uncertainty in being able to ensure that the engines could return

to normal operation right before landing.

The windmilling operating condition of a standard gas-turbine engine is typically only

encountered in the event of an engine failure. For aircraft with standard gas-turbine engines,

a gas-turbine mechanically drives a compressor, and thus the fan rotation rate must be high

enough to prevent compressor stall, resulting in thrust being produced when the engine is at

idle. Windmilling however is possible in architectures where the fan is powered by an electric

motor and thus can be operated at low rotation rates, such as in certain hybrid electric or
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full electric aircraft confgurations. 

If the noise of windmilling engines is low enough such that they have little impact the 

logarithmic sum of the noise of the remaining components of the aircraft, then they can be 

considered valuable for implementing steep approaches or for increasing deceleration rate 

and thus replacing the need to use noisier drag devices during descent, as diagrammed in 
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Figure 2-16: Using Windmilling Engines as Drag Generators on Descent Concept 

Operating at in windmilling conditions also removes the residual idle thrust that limits 

the maximum rate of descent for aircraft with standard gas-turbine engines. Another 

advantage to obtaining drag via windmilling is that it requires no installation of additional 

blades to the baseline engine, and thus would not impact the normal operation of the engine. 

Varying the engine friction torque and thus the windmilling rotation rate can also control 

the amount of windmilling drag obtained. 

Noise of Windmilling Engines 

The literature provides some insight on the potential noise of using engines as drag devices. 

For example, with the “engine-air brake” the noise produced by fow entering a wind tunnel 

model engine nacelle with installed vanes that swirled the exit fow was found to produce less 

than 48 dB when extrapolated to a full-scale engine at an observer location of 120 meters 

from the source, depending on the vane blade angle [68]. Further extrapolation for this 

“engine air brake” concept, assuming noise would scale with the exit fow velocity of the 
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engine, showed that the addition of a fan pumping the vanes to increase drag would increase 

the noise to about 80 dB at the same location depending on the engine assumed. Such 

noise was reported be about 6 to 9 dB below the total source noise for various aircraft on 

approach, and thus was assumed to have minimal impact to the total aircraft noise [68]. 

Few studies have reported the noise of windmilling engines. However, one study from 

NASA wind tunnel experiments carried out to determine the acoustics characteristics of 

a 2-foot diameter propeller showed that the noise generated when the propeller was in a 

windmilling condition was not detectable compared to the tunnel background noise [70]. 

Noise data was also obtained from a series of tests to examine broadband fan noise of a 

Boeing 18 in fan rig, conducted in the Boeing Low-Speed Aeroacoustics Facility (LSAF) 

[71]. Windmilling fan broadband noise was shown to be approximately 20 dB below fan 

noise across the spectra at standard approach conditions. 

These few studies suggest that the noise of drag generating engines is variable depending 

on the specifc confguration and operating condition. As the engine air brake study showed, 

operating engines in of-design conditions could cause fow instability and subsequent increase 

in noise [68]. However, these noise sources are also potentially below typical commercial 

aircraft noise levels and thus may be viable concepts for enabling noise abatement steep 

approaches and delayed deceleration or confguration procedures. 
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2.5.2 Background on Hybrid Electric Aircraft 

Windmilling or low-RPM engines are potential methods for obtaining drag that doesn’t 

contribute signifcantly to the total aircraft noise signature while enabling aircraft to perform 

advanced approach procedures with noise abatement capabilities beyond those of standard 

aircraft. However, because combustion must be maintained a standard gas-turbine engine, 

fans of standard engines cannot be operated at rotation rates low enough to produce drag 

with their engines. Instead, idle thrust is produced at the lowest engine RPM setting. A 

potential technology to enable the performance of windmilling on approach is to use aircraft 

with hybrid electric engines. In many hybrid electric engine confgurations, a gas generator 

and/or battery supplies power to an electric motor and propulsor rather than there being a 

mechanical connection between the gas generator and propulsor. Not only can the electric 

motor be operated at low enough RPMs to result in windmilling drag, but there is no longer 

residual idle thrust being produced by the engine at idle. Hybrid electric aircraft thus may 

present possibilities for advanced operational noise reduction strategies that aircraft with 

conventional gas-turbine propulsion architectures are limited in performing. 

Overview of Hybrid Electric Aircraft—Current Advantages and Challenges 

Hybrid electric aircraft are those that have traditional gas turbine engines replaced with 

some amount of electric propulsion. The amount of electric propulsion may vary. For 

example, the Boeing SUGAR (Subsonic Ultra Green Aircraft Research) Volt aircraft concept 

contains turboelectric fans that are supplemented or entirely powered by electricity after 

initial climb [8]. Airbus, Rolls-Royce, and Siemens have proposed a demonstrator with 

one turbofan replaced by an electric fan to test E-Fan X hybrid electric technology [72]. 

Boeing has proposed several hybrid wing body concepts with turboelectric, distributed 

propulsion [73]. NASA has proposed a single aisle turboelectric aircraft with fuselage 

boundary layer ingestion, known as the STARC-ABL (Single-aisle Turbo-electric Aircraft 

with an Aft Boundary Layer propulsor) [74]. NASA has also proposed full electric aircraft 

such as the blown wing concept [75]. Example renderings of a few of these concepts are 

shown in Figure 2-17. Brelje and Martins provide a summary of various proposed electrifed 
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aircraft concepts being proposed in industry and academia [76]1. 

(a) SUGAR Volt Concept, (b) NASA STARC-ABL (c) E-Fan X Hybrid Electric 
Figure from NASA/ The Turboelectric Concept, Figure Demonstrator Concept, Figure 

Boeing Company [80] from NASA [80] from Airbus [81] 

Figure 2-17: Example “Electrifed” Aircraft Concepts 

Despite being a relatively new concept, the potential benefts of hybrid electric aircraft 

have been detailed in literature. Besides the benefts of less hydrocarbon fuel burned [82] [83], 

hybrid electric aircraft also provide some avenues for improvements in aircraft performance. 

For example, electric motors can be used to supplement power for combustion engine aircraft 

during high thrust portions of fight such as takeof and climb, thus enabling the engine design 

to be optimized for the cruise portions of fight that are more fuel efcient [84]. Hybrid electric 

systems for turboprop aircraft could improve efciency during low efciency portions of the 

fight mission such as taxi [84]. Use of electric motors to drive engines may reduce thrust 

response time [85] and thus vertical tail size may possibly be reduced if diferential thrust is 

instead used for lateral control. The low weight of and ability to scale electric motors without 

signifcant efciency losses creates the potential for various distributed propulsion concepts 

that ofer improved aerodynamic performance of the wing [86] and facilitate boundary layer 

ingestion [87]. 

Hybrid electric aircraft present source noise reduction opportunities compared to aircraft 

powered by traditional gas turbine engines. For example, blade tip speed and jet exit velocity 

can be reduced when utilizing several smaller propulsors in a distributed propulsion concept 
1Various entities have published goals to make aircraft less environmentally polluting. These include the 

European Commission’s Flightpath 2050 Vision for Aviation towards sustainable transports, which includes 
a reduction of CO2 by 75%, NO� by 90% and noise by 65% [77]. NASA has published similar N+3 goals 
with the intent to foster research into more environmentally friendly technologies such as those that result in 
a reduction in fuel burn of 70% relative to the state of the art 2006 era reference aircraft, a reduction in NOx 
or 75% below the standards developed during the sixth Committee on Aviation Environmental Protection 
(CAEP 6), and a reduction in cumulative noise of 71 dB below the Federal Aviation Administration’s stage 
4 noise standards [78]. In response for growing demand for aircraft that are less environmentally polluting, 
aircraft that are powered via electric propulsion have been studied as one avenue to reduce emissions [79]. 
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[86] [73] instead of a few larger engines, as well as can be strategically placed on the airframe 

for noise shielding [88]. Distributed propulsion concepts that improve airframe performance 

may also enable an airframe size reduction [75] and a subsequent reduction in airframe noise. 

These factors have more impact with increasing degree of hybridization, which also has an 

overall impact on aircraft performance. 

Various studies have examined noise reduction via combined conceptual design and noise 

abatement operational procedure adjustments that take advantage of electric and hybrid 

aircraft technologies. For example, a low noise departure mode where blade pitch angle is 

increased, thereby enabling propeller tip speed and subsequent noise to be reduced, has been 

suggested that can be accomplished with electric or hybrid electric general aviation aircraft 

[89]. Certain electric motors deliver maximum shaft power over wide ranges of shaft speed 

and thereby permit a reduced propeller tip speed without reducing the needed power and 

thrust for takeof. Distributed propulsion made possible by electric aircraft has also been 

shown to be a potential noise reduction mechanism on departure, as the concept enables 

the same thrust to be achieved as in a traditional gas-turbine two engine aircraft but with 

increased mass fow and reduced jet velocity, the later of which reduces the departure jet 

noise [90]. Such hybrid electric engine operating modes are not as valuable in reducing noise 

on approach, where engine noise is not the major contributor. In fact, due to increases in 

weight expected to accompany aircraft with distributed propulsion, noise on approach may 

be expected to increase if operated similarly to a traditional gas turbine aircraft because of 

the increased lift, and thus fap defection, requirements [90]. 

While having many benefts, hybrid electric aircraft are faced with challenges. The 

primary inhibitor is that the specifc energy available in current battery technology is a limiter 

in the size and range of electric aircraft [91]. Batteries currently have on the order of 50 times 

lower specifc energy than liquid fuels. For comparison, Jet-A fuel has a specifc energy of 

approximately 11,900 Whr/kg while lithium-ion batteries have approximately 200 Whr/kg 

[92] with various studies for novel lithium ion batteries in the 2035 timeframe predicted to be 

in the 700 to 2,000 Wh/kg range [87]. The Breguet range equation shows that aircraft range 

is directly proportional to fuel energy density, and thus for the same range, a fully battery 

powered aircraft would be signifcantly heavier than a liquid fuel powered aircraft for the same 
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range. Additionally, there are weight penalties due to the addition of electrical components 

and electrical storage devices in hybrids [84], which may further limit range compared to 

similarly sized aircraft powered by traditional gas turbine engines. These drawbacks limit 

the possible missions that hybrid electric aircraft can perform. 

Use of windmilling engines on hybrid electric aircraft have been considered potential 

methods for energy regeneration to recharge a battery on approach. A study reported by 

Barnes also studied the regenerative fight concept for electric aircraft [93]. The study 

showed that while regenerative electric fight was possible for an electric self-launching 

sailplane confguration, 3 minutes of regeneration on descent was needed to recover the 

energy expended for every 1 minute of cruise [93]. A second conceptual energy study 

reported by the University of Toulouse for a regional aircraft showed that the additional 

drag incurred by enabling windmilling engines on approach resulted in needing to descend 

more steeply. However, the aircraft was required to fy a longer cruise segment due to the 

steeper descent profle in order to maintain the same total range. Occurring to this analysis, 

despite the regeneration of energy on the descent segment, the resulting energy expended 

for the necessary longer cruise segment resulted in the total energy expenditure being higher 

than a normal descent profle without windmilling regeneration [84]. Noise however, was not 

considered in these analyses. 

Despite the challenges facing hybrid and full electric aircraft in their competitiveness 

in the civil aviation industry that strives for long endurance vehicles, the opportunity these 

aircraft provide to reduce emissions is worth considering. 

“Electrifed” Propulsion Systems for Hybrid Electric Aircraft 

Several forms of electrifed propulsion systems have been proposed, with some examples 

highlighted in Figure 2-17, each with various propulsion system confgurations. Diagram 

representing various forms of an electrifed propulsion systems for aircraft is shown in Figure 

2-18. 
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Figure 2-18: Electrifed Propulsion Systems 

A standard turbofan engine, as shown in Figure 2-18 (a), receives mechanical energy 

from a turboshaft that is mechanically connected to a propulsor. Electrifed engines may 

have a series of electrical components supplying energy to the propulsor, with or without a 

turboshaft. The primary components represented in Figure 2-18 include: a generator which 

converts mechanical shaft power to alternating current (AC) electrical power, a rectifer 

which converts AC power to direct current (DC) electrical power, an inverter which converts 

DC electrical power to AC power, a motor which converts AC current to mechanical shaft 

power, and a battery [87]. 

In hybrid electric engines, propulsors obtain power from both a turboshaft and battery 

source. In a series hybrid electric engine (Figure 2-18 (b)), motors supply electrical energy 

from the turboshaft and battery to the propulsors. In a parallel hybrid electric engine (Figure 

2-18 (c)), mechanical power is supplied to a propulsor when a motor and turbo-generator 

operate on the same shaft. 

For a partial or fully turbo-electric architecture as diagrammed in Figure 2-18 (c), a 

turboshaft is the sole energy source that supplies energy to a generator. Electrical energy 
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from the generator is distributed to one or more propulsors. 

Finally, in a fully electric architecture, one or more propulsors receive all power from 

a battery. In this thesis, a hybrid electric or “electrifed” aircraft will refer to aircraft 

equipped with a form of the propulsion architecture shown in Figure 2-18 that includes 

electrically-powered propulsors. 

When sizing electrifed engines, the technology level assumptions of the electric 

components must be considered. Future self-cooled motors and generators for fight 

applications have been estimated to have a max continuous power in the 1-2.5 MW class 

[94][95]. Power densities of motors have been predicted with Conservative estimates by the 

NSF at 9 kW/kg and 98 percent efciency [94] and more optimistic estimates by NASA of 

13-16 kW/kg and up to 99 percent efciency in the 2035 time frame [95]. Power converters 

in this time frame have also been conservatively predicted to be able to achieve between 9 

kW/kg power density for 0.5 MW of maximum power [94] and optimistically predicted to be 

able to achieve between 19 kW/kg power density for 1 MW of maximum power [95]. 

Superconducting motors and generators, which loose electrical resistance below a critical 

temperature and thus can carry high currents and thus have maximum shaft powers up to 35 

MW and approximately 30 kW/kg power density, have also been predicted for applications 

in the 2050 time frame, such as the NASA N3-X turboelectric hybrid-wing-body aircraft 

[73]. Superconducting power converters have also been predicted to have similar power 

densities [73]. Cryocoolers are needed for such machines in order to achieve the low critical 

superconducting temperatures [73], which adds system complexity and poses uncertainty for 

such components. 

Compared to a traditional gas-turbine powered aircraft propulsors, electrically-powered 

propulsors ofer more fexibility in propulsion architecture. While rotation speed of a 

propulsor is coupled to the rotation speed of the turbine in a standard turbofan, DC 

architectures such as those shown in Figure 2-18 have electrically powered propulsors that 

are disconnected from the turbine speed [76]. Additionally, because electrically powered 

propulsors are not mechanically connected to a turboshaft, a single turboshaft can supply 

power to a series of distributed propulsors. Distributed propulsion ofers several advantages. 

One is in facilitating boundary layer ingestion (BLI) to increase overall efciency. BLI 
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is most benefcial when the entire boundary layer is ingested, which is more efectively 

accomplished with a series of propulsors distributed along the wing than one large propulsor 

[87]. Additionally, propulsor weight has been shown to scale approximately with volume 

(length cubed) while mass fow rate scales with area (length squared) [87]. The result is that 

a single large propulsor will weigh more than a series of small propulsors with the same total 

frontal area and thus the same thrust. 

Confgurations with electrically-powered propulsors can also ofer advantages in 

scenarios requiring quick power demand compared to gas-turbine engines, as there is a 

decrease in the lag in spool-up time [96]. This precision is ideal for a windmilling engine 

concept for descent controllability on approach. Additionally, the hybrid electric architecture 

would enable windmilling electrically-powered propulsors to act as generators that can 

recharge the battery during descent. 
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Chapter 3 

Framework for Analyzing 

Performance and Noise of Advanced 

Operational Flight Procedures of 

Conventional Aircraft 

To analyze performance and community noise of advanced operational approach and 

departure procedures for conventional aircraft, the framework shown in Figure 3-1 is 

implemented. The core of this framework is the Aircraft Noise Module, where noise due 

to both airframe and engine components is modeled using a source noise prediction method. 

The method used in this framework is NASA’s Aircraft NOise Prediction Program (ANOPP) 

[34]. ANOPP was selected due to its modularity, described in section 3.3, enabling the source 

noise and propagation prediction of each component of a standard turbofan aircraft. Given 

aircraft geometry and internal engine performance states as they vary with each segment of 

a fight profle for a specifc procedure provided by the Flight Profle Generation Module and 

Aircraft Performance Module shown in Figure 3-1, component noise and its propagation to 

specifed ground observers due to aircraft performing advanced fight procedures is modeled 

in ANOPP. 

The Flight Profle Generation Module converts a fight procedure defnition into the 
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details of the fight profle needed for source noise modeling, given fight performance. Flight 

procedures are defned by the aircraft’s lateral track combined with a vertical profle defned 

by the segment-by-segment constraints to the altitude, confguration, velocity, or thrust as 

a function of lateral track position. Secondary vertical profle parameters, which are implied 

from the specifed constraints (e.g. thrust level to achieve a required climb constraint), are 

determined by the Flight Profle Generation Module, given the aircraft fight performance 

from the Aircraft Performance Module. The fight performance characteristics include: 

drag versus velocity and confguration, weight, and allowable operating velocities for each 

confguration. For this thesis, the Eurocontrol Base of Aircraft Data Family 4 (BADA 4) 

[97], a database of aircraft performance parameters obtained from aircraft manufacturers, 

was used for this performance information. The resulting fight profle is used to determine 

the internal engine performance states throughout the procedure, the aircraft confguration, 

and the aircraft altitude for noise propagation. 

Engine noise is modeled via correlations that account for changes in internal engine 

performance states (e.g. fan rotational speed, internal engine temperatures, and jet exit 

velocity). These engine states, which vary with the thrust and fight velocity throughout the 

fight profle, are obtained from the Transport Aircraft System OPTimization (TASOPT) 

program 2.16 [98] within the Aircraft Performance Module. TASOPT is a physics-based 

model that jointly optimizes the airframe, engine, and fight trajectory of a "tube and 

wing" transport aircraft. Engine sizing within TASOPT is a work-balance-based, engine 

component-matching formulation [19] that sizes an engine for design conditions and then 

provides a mapping of the internal engine performance states as a function of of-design 

thrusts and velocities. Design conditions for a given aircraft and engine, or the design turbine 

inlet temperature, Mach number, bypass ratio, and the pressure ratios and efciencies of the 

various engine stages, are obtained from publicly available aircraft performance data [99] 

[100]. The internal engine performance states used to model engine noise are determined 

from the thrust and velocity states of the fight profle via this engine mapping. 

Airframe noise is modeled via correlations that account for airframe geometry, obtained 

from publicly available geometry data [99], and changes in confguration and velocity 

throughout the fight profle. 

59 



Given the geometry of the aircraft position with respect to a surface grid, propagation

of engine and airframe source noise to the ground is modeled in the Aircraft Noise Module,

creating single event flyover noise grids for that flight procedure. The single event over-flight

noise is coupled in the Noise Impact Metric module with demographic variables such as the

population distribution, airport geometry, and the aircraft fleet schedule to model integrated

noise impact metrics such as DNL or population exposure to a specified noise level. More

details on each module are provided below.
MIT
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Figure 3-1: Framework to Analyze Aircraft Community Noise Impacts of Advanced
Operational Procedures Composed of Flight Profile Generation and Component-Based
Aircraft Noise Models Integrated via Performance Models

3.1 Aircraft Performance Model

The Aircraft Performance Model takes an aircraft definition and determines the aircraft flight

performance, internal engine performance maps, and geometry. The Aircraft Performance

Model consists of the Base of Aircraft Data Family 4 (BADA 4), which outputs flight
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performance needed for the Flight Profile Generation Module, and the Transport Aircraft

System OPTimization (TASOPT), which outputs internal engine performance maps and

airframe geometry needed for the Aircraft Noise Module. Additional geometry required for

the Aircraft Noise Module that are not outputted by TASOPT are obtained from external

sources such as airport planning guides and Jane’s All the World’s Aircraft [99]. This is

detailed in Figure 3-2.
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3.1.1 Flight Performance from BADA 4 

Flight performance characteristics from the Aircraft Performance Module are obtained from 

the Eurocontrol Base of Aircraft Data Family 4 (BADA 4) [97], a database of aircraft 

performance parameters obtained from aircraft manufacturers. The fight performance 

parameters for each aircraft available in the database include the maximum takeof and 

landing weight (MTOW and MLW), the maximum takeof and landing roll length, idle 

and max climb thrust verses velocity and altitude, the maximum takeof thrust, the 

fuel fow rate versus altitude, velocity, and thrust, and fnally the aircraft aerodynamic 

performance at each confguration (fap, slat, and landing gear deployment) setting. The 

aerodynamic performance at each confguration setting includes the maximum structural 

operation velocity, the maximum lift coefcient (C�,���), and the drag coefcients as a 

function of C� and velocity. These fight performance characteristics are used to model the 

fight profle in the Flight Profle Generation Module. 

3.1.2 Internal Engine Performance Maps and Geometry from 

TASOPT 

The internal engine performance maps needed for the Aircraft Noise Module are obtained 

from the Transport Aircraft System OPTimization (TASOPT) program [4]. Geometry 

outputs such as wing area and span, tail area and span, and engine fan diameter needed 

for the Aircraft Noise Module are also obtained from TASOPT. TASOPT is an aircraft 

design tool that jointly optimizes the airframe, engine, and fight trajectory of a "tube and 

wing" transport aircraft using frst-principles physics based methods, rather than relying 

on traditional empirical drag and weight prediction methods. Thus, the internal engine 

performance maps and geometry outputs that are obtained from TASOPT can be obtained 

for both current aircraft and future aircraft concepts as specifed by the aircraft defnition. 

TASOPT requires aircraft mission inputs, confguration inputs, and engine technology 

level inputs to size an aircraft. These can be matched to an existing aircraft type’s 

specifcations from external data when modeling an existing aircraft or be modifed to desired 

requirements for a future aircraft concept. The required inputs, and how they are used for 
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sizing an aircraft in TASOPT, are as follows: 

1. The aircraft’s mission inputs include the aircraft’s number of passengers and weights 

per passenger, maximum range, start of cruise altitude, cruise Mach number, and load 

limits. The weight per passenger is assumed to follow standard average passenger 

weights listed in Advisory Circular 120-27E [101] while the aircraft load limits follow 

the minimum required structural load limits described in 14 CFR 25.333 and 25.337 

[102]. The remaining parameters are readily available for existing aircraft types in 

external data [99]. This information becomes the basis for subsequent calculations. 

2. The aircraft confguration inputs defne the tube-and-wing aircraft confguration. 

The confguration inputs include the shape defnition of the wings and tails, such as 

the sweep, aspect ratio, taper ratio, thickness-to-chord ratio, and tail volumes, as well 

as historical weight fractions for secondary wing components such as the slats, faps, 

etc. These parameters are assigned to the wings and tails, which are then sized to 

survive critical bending loads at the maximum allowable load limit cases. The internal 

size of the wing also gives the maximum fuel volume. 

The confguration inputs also include the geometry of the fuselage such as the fuselage 

diameter, fuselage length, height of the fuselage foorboard, and location of aircraft 

sub-components along the length of the fuselage such as the auxiliary power unit 

location and the landing gear location. The fuselage skin, stringers, and foor are 

then sized assuming the aircraft is a pressure vessel to meet various loading scenarios, 

while the weights of secondary components such as windows, seats, etc. are estimated 

using historical weight fractions which are proportional to the number of passengers. 

Aerodynamic performance is also modeled assuming that lifting forces balance weight 

while drag balances thrust, with thrust computed as a power balance [4]. A 

parameterized transonic airfoil family spanning a range of thicknesses is used to 

obtain airfoil lift and drag performance that is applied to the 3-dimensional wing. 

The fuselage drag is obtained from viscous/inviscid CFD based on the user-supplied 

fuselage geometry. Nacelle drag is obtained assuming it is a power dissipation based 
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on the nacelle’s exterior velocity distribution. Finally, overall drag is predicted using 

a Treftz-Plane analysis. 

The confguration parameters needed for the fuselage, wing, and tail sizing are obtained 

from detailed aircraft technical drawings found within airport planning guides for 

existing aircraft, while the weight fractions are typically held constant at historical 

values. 

3. The engine technology level inputs are used to determine the engine performance. 

These inputs include the engine’s maximum turbine inlet temperature ��4 , the design 

point bypass ratio, and the design point pressure ratios and efciencies of the 

various engine components. TASOPT uses a work balance-based component matching 

formulation [19] based on the layout shown in Figure 3-3 to size the engine. The method 

is used to obtain the engine areas, temperatures, pressures, and mass fow rates at the 

various stations within a turbofan. The engines are sized for start of cruise. After 

the engine is sized, performance state maps in of-design conditions are generated for 

specifed array of thrust, velocity, and altitude settings. 

Figure 3-3: Turbofan Engine Layout used in TASOPT’s Engine Sizing [4] 

Many of the engine technology level inputs, such as overall pressure ratio and 

fan pressure ratio, can be obtained from publicly available engine data [100] for a 

specifc engine. Some properties such as maximum turbine inlet temperature can be 

approximated based on historical engine charts of turbine inlet temperature versus 

overall pressure ratio, bypass ratio, and specifc fuel consumption such as that in 
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Figure 3-4. Remaining engine technology level inputs that aren’t directly obtainable 

from publicly available resources, primarily engine component efciencies, are held at 

constant values across various aircraft types. 

Figure 3-4: Turbofan Specifc Fuel Consumption Variation with Bypass Ratio (�), Turbine 
Entry Temperature (TET), and Overall Pressure Ratio, Figure from [100] 

Given all of the inputs described above, TASOPT carries out the remainder of the 

aircraft sizing as follows: 

5. The various weights and locations of the aircraft and the overall aircraft pitching 

moment from the aerodynamic analysis are used to enforce pitch stability, which then 

sets the locations of the aircraft tails. 

6. The aircraft mission trajectory including takeof, climb, cruise, and descent is computed 

on a segment-by-segment basis assuming a cruise-climb at a fxed cruise Mach number, 

cruise lift coefcient, and cruise turbine inlet temperature. Takeof turbine inlet 

temperature inputs are used to set the climb profle while a descent angle constraint 

results in the turbine inlet temperature on descent becoming an output. Balance feld 

length requirements are also checked in a takeof performance model. 

7. In a sizing loop, a guess in the initial fuel weight varied until the resulting range from 

the trajectory generation equals the initial inputted design range. An aircraft that 

meets the mission requirements given the aircraft confguration inputs and the engine 

technology level inputs is thus sized. 
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3.1.3 Geometry Outputs from External Sources 

There are additional geometry details required for the aircraft noise model that aren’t sized 

in TASOPT and thus are obtained from external data for existing aircraft. The method 

for how these are used for aircraft source noise modeling is explained in section 3.3. These 

geometry details include: 

∙ The fap system spans, chords, side edge thicknesses, and defection angles (defned in 

[43]) 

∙ The slat system spans, chords, gap width of the slat cove, and defection angles (defned 

in [41]) 

∙ The main and nose landing gear geometry, including the number of wheels and struts, 

the tire diameter and width, and the lengths and diameters of the struts and any 

exposed linkages (defned in [44]) 

∙ The fan internal geometry, including the number of fan blades and stator vanes, and 

the rotor-stator spacing. 

Flap and slat plan-form geometry can be measured from aircraft technical drawings, 

whereas defection angles for each confguration setting are obtained from pilot forums. 

Landing gear geometry can be extensive and is therefore obtained from photographs of 

the gear. Example measured landing gear geometry for a Boeing 737-800 and 777-200 can 

be found in NASA CR 2005-213780 [44]. Internal fan geometry can be obtained from Jane’s 

All the Worlds Engines [100]. 

For estimates of noise of future aircraft, fap and slat span, chord, and edge thickness of 

a similarly sized existing aircraft are scaled proportionally by the wing geometry of the future 

aircraft. Landing gear geometry is sized based on commercial of the shelf tire and wheel 

ratings, such as those shown in Figure 3-5, that can support the future aircraft weight. 

Landing gear strut lengths for future aircraft are adjusted as necessary to ensure ground 

clearance for wing mounted engines and to prevent a tail strike on takeof. 
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Figure 3-5: Commercial and Military Landing Gear Tire Ratings, from Airplane Design, R. 
H. Liebeck [103] 

3.2 Flight Profle Generation Module 

Given the fight procedure defnition and the aircraft fight performance, the Flight Profle 

Generation Module models the fight profle. The fight procedure defnition specifes the 

desired aircraft takeof or approach operation. The fight procedure defnition is inputted 

as the ground track plus a series of constraints for each segment of the procedure. The 

outputted fight profle is the altitude, thrust, velocity, confguration, and lateral position 

per time and is inputted to the Aircraft Noise Module. 

Though not the focus of this thesis, fuel burn per time is also outputted from the fight 

profle generation and can be used to examine additional benefts or potential trade-ofs in 

fuel burn to consider with the design of a modifed procedure for noise abatement. It can 

also be used to model secondary emission efects such as carbon dioxide produced. 

These inputs and outputs are are detailed in Figure 3-6. 

67 



160 180 200 220 240
Velocity (knots)

D
ra

g 
(lb

)

Configuration 1
Configuration 2
Configuration 3
Configuration 4

• Altitude (time)
• Velocity (time)
• Configuration (time)
• Thrust (time)
• Lateral Position (time)

Flight Profile:

Force-balance-
kinematics model:

Flight Profile Generator Module:

Flight Procedure Definition:

Flight Performance
From BADA4

Segment-by-segment:
• Configuration (Gear, Flaps, Slats)
• 1 of 3 options:

- Glideslope + Velocity
- Velocity + Thrust
- Glideslope + Thrust

+Ground Track

Glideslope + Velocity Velocity + Thrust Glideslope + Thrust 

VelocityGlideslopeThrust

• Fuel Burn 
Rate (time)

Figure 3-6: Flight Profle Generation Module Detailed Inputs and Outputs 

Modeling within the Flight Profle Generator is as follows: on a segment-by-segment 

basis, with the weight and confguration of the aircraft also specifed for each segment, and the 

fight performance given from BADA 4, force-balance and kinematics are used to determine 

either: the required thrust from a fight path angle (or glideslope) and velocity change 

constraint; the resulting fight path angle (or glideslope) from a thrust and velocity change 

constraint; or the resulting velocity change from a fight path angle (or glideslope) and thrust 

constraint. The ending conditions of one segment become the starting conditions of the next 

segment. The Flight Profle Generation Module fts the two-dimensional altitude versus 

distance profle to the desired ground lateral track to create the entire three-dimensional 

fight profle. 

This segment-by-segment approach is based on a force-balance kinematics point-mass 

model shown in Figure 3-7. 
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Figure 3-7: Force-balance Approach to Calculate Each Profle Segment from Procedure 
Defnitions 

Based on the model shown in Figure 3-7, the acceleration of the aircraft along the 

direction of fight is given by the sum of the forces in the direction of fight divided by the 

mass of the aircraft shown in Equation 3.1. 

(∑ ) ( ) 
� ����� � ℎ���� + � ���ℎ� * ���(�) − ���� 

� = = (3.1)
� � ���ℎ�/� 

With the acceleration of the aircraft known, the distance traveled along the aircraft’s 

fight path, �� − ��−1, or the change in altitude, �� − ��−1, given a change in velocity �� − ��−1 

can be determined from kinematics, shown in Equation 3.2. 

( ) ( ) 
�� 

2 
−1 − � 2 �� 

2 
−1 − �2 

� � = ��−1 − �� = (3.2)2� ���(�) 

In addition, a takeof or landing roll includes the friction from the runway. A landing 

roll may also include reverse thrust. The diagrams for these cases are shown in Figure 3-8. 
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(a) (b) 

Figure 3-8: Force-balance Approach for Takeof-Roll (a) and Landing Roll (b) to Calculate 
Each Profle Segment for Profle Defnitions 

A typical segment structure used for departure procedures is shown in Figure 3-9. There 

is an initial high thrust takeof roll to takeof safety speed �2, a high thrust initial climb 

segment with retracted gear and acceleration to �2+15 knots, acceleration segments where 

the aircraft has cutback to climb thrust and faps are incrementally retracted, and a climb 

segment at or below the maximum allowable speed below 10,000 ft of 250 knots. 

Acceleration
 Segments:
• Climb Thrust
• Retract Flaps

Constant Speed Climb Segment:
• Climb to 10,000 ft
• Climb Thrust
• 250 kts

Takeoff Segment:
• Takeoff Thrust
• Takeoff Flaps
• Gear Down

Initial Climb 
Segment:
• Takeoff Thrust
• V2 to V2+15 kts
• Gear Up

Al
tit

ud
e	

Lateral Track Distance	

Figure 3-9: Example Segment Structure for a Departure Procedure 

This structure for a departure procedure can then defned such that the altitude versus 

position profle matches the mean altitude profle from a set of radar data such as Airport 

Surface Detection Equipment, Model X (ASDEX) data, an example of which is shown in 
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Figure 3-10. The required thrust that satisfes this altitude profle, as constrained by the 

aircraft weight, drag, and assumed velocity and confguration changes, can be modeled during 

each segment. 

Acceleration Segments:
• Climb Thrust, Retract Flaps

Initial Climb 
Segment:
• Takeoff Thrust
• Gear Up

Figure 3-10: ASDEX Boeing 737-800 Radar Altitude Departure Data Over 20 Days in 2017 
from all Runways at BOS 

A typical segment structure for approach procedures is shown in Figure 3-11. There is an 

initial descent segment from a starting altitude and velocity, a series of deceleration segments 

where faps are deployed, a series of fnal approach segments consisting of an intercept with 

the Instrument Landing System (ILS) glideslope followed by segments where the aircraft 

deploys gear, deploys landing faps, and then maintains a constant confguration and landing 

reference speed ���� to the ground, and a landing roll segment with reverse thrust. The 

deceleration segments may consist of one or more level ofs or may be a continuous descent 

all the way to the ILS intercept or to the ground. 
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Landing Segment:
• Reverse Thrust
• Gear Down
• Landing Flaps

Deceleration segments:
• Continuous Descent or Level Offs 
• Deploy Flaps

Initial Descent Segment: 
• From Starting Altitude
• Starting Velocity

Final Approach segments:
• ILS Intercept
• Gear Down
• Landing Flaps
• VREF+10kts

Al
tit

ud
e	

Lateral Track Distance	

Figure 3-11: Example Segment Structure for an Approach Procedure 

This structure for an approach procedure can then defned such that the altitude versus 

position profle matches the mean altitude profle and the velocity profle from ASDEX radar 

data, such as that shown in Figure 3-12 and Figure 3-13. 

Deceleration segments:
•Deploy Flaps

Initial Descent Segment 

Final Approach 
segments:
• ILS Intercept
•Gear Down
•Landing Flaps
•VREF+10kts

Figure 3-12: ASDEX Boeing 737-800 Radar Altitude Approach Data into Runway 4R at 
BOS in 2017 
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Figure 3-13: ASDEX Boeing 737-800 Radar Velocity Approach Data into Runway 4R at 
BOS in 2017 

Because the confguration changes the aircraft drag model, it is necessary to estimate 

where the fap, slat, and gear changes that occur in these procedures. For departure 

procedures an aircraft is assumed to have retracted faps when it has accelerated above 

the minimum safe airspeed for each confguration at the modeled departure weight. The 

minimum safe airspeeds of each were assumed to be 1.3 times ������, where ������ corresponds 

to the ��,��� speed in each confguration from BADA 4. For approach procedures, an aircraft 

is assumed to have deployed faps where it has decelerated to 10 knots below the maximum 

fap speed for each confguration. The maximum fap speed for each confguration is also 

obtained from BADA 4. �2 is assumed to be 1.2 times ������, while ���� is modeled as 1.3 

times ������. Gear deployment or retraction is typically defned by set altitudes depending 

on the procedure. 

For fuel burn assessments, the Flight Profle Generation method also provides the total 

fuel burn during the duration of the fight profle based on fuel fow rate from BADA 4, 

which is a function of thrust, velocity, and altitude. 

3.3 Component-Based Aircraft Noise Module 

The Component-Based Aircraft Noise Module for conventional aircraft, shown in Figure 5-7, 

determines the engine and airframe source noise and propagation using models from ANOPP. 
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The internal engine performance states are inputted to the engine source noise models and 

are interpolated from the internal engine performance maps from TASOPT at each thrust, 

velocity, and altitude state of the fight profle. The velocity and confguration profles and 

the airframe geometry from TASOPT and external sources are inputted to the airframe noise 

model. 

Source noise in ANOPP is modeled as mean square acoustic pressure over the 1/3 

octave band noise spectrum from 50 Hz to 10 kHz. The mean square acoustic pressure 

is also modeled for the range directivity angles representing the lower hemisphere of the 

aircraft. Modeled engine and airframe source noise is summed together at all frequencies 

and directivity angles at each segment in the fight profle. Propagation of this total source 

noise to the surface is modeled given the altitude and position profle, creating single event 

fyover noise grids. The inputs and outputs are detailed in Figure 5-7. 

MIT
ICAT

Propagation & 
Noise Metric Models

Core 
Noise Model

Jet 
Noise Model

Flight Profile 

Clean Airframe 
Noise Model

Internal Engine 
State Performance

Fan 
Noise Model

Engine Source Noise Models: 

Single Event Flyover Noise

Airframe Source Noise Models: 

Engine Source Noise Airframe Source Noise

Flap
Noise Model

Gear
Noise Model

Slat
Noise Model

Propulsor:

Methods from Aircraft Noise 
Prediction Program (ANOPP)

Airframe 
Geometry

Outputs

Gas Generator:

Aircraft Noise Module: NASA ANOPP1

Requires Detailed Modeling Inputs

Inputs

Figure 3-14: Component-Based Aircraft Noise Module Inputs and Outputs 

Each of the source noise and propagation models and inputs are described below. 
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3.3.1 Turbofan Engine Source Noise Modeling 

Turbofan engine source noise is modeled using the ANOPP engine source noise models 

given the internal engine performance characteristics of the aircraft as a result of the thrust, 

velocity, and altitude state at each segment of the fight profle. The specifc internal engine 

noise parameters required for this framework are determined from the following models: 

∙ Fan noise (for existing turbofan aircraft) within this framework is modeled by ANOPP’s 

Heidmann Fan Noise model [36], which is applicable to high bypass ratio turbofan 

engines. This method assumes fan noise is produced by turbulent air passing over fan 

blades and is related to the specifc work across the fan, which is proportional to the 

temperature rise across the fan, and mechanical power, which is proportional to the 

mass fow rate through the fan. The temperature rise (� ����,���� - � �� ��,�����) and mass 

fow rate through the fan (�̇ ���,����, �̇ ���,�����) is obtained from the internal engine 

performance maps from TASOPT. This method assumes fan noise is also produced by 

the interactions between fan rotor and stator vanes and airfow passing over fan blade 

tips moving at supersonic speeds and is dependent on the number of rotor blades 

and stator vanes and the rotor-stator spacing, which in this framework obtained from 

publicly available engine geometry data [100], and the fan’s rotational speed (RPM), 

which in this framework is obtained from TASOPT internal engine performance maps. 

∙ Core noise within this framework is modeled by ANOPP’s Combustion Noise model 

[34], which is based on the original method by Emmerling [104] and detailed with 

modifcations in the SAE ARP876 method [105] for predicting combustion noise 

from turboshaft, turbojet, and turbofan engines and subsequent propagation through 

the turbine. This method assumes combustion noise results from the mass density 

and momentum fuctuation in the combustor due to unsteady burning [104]. It is 

proportional to the pressure (������,�����), temperature rise (� �����,���� - � �����,�����), and 

mass fow rate through the combustor (�̇ ����). Attenuation through the turbine is 

based on the SAE method and is a function of the design-point temperature drop 

across the low pressure turbine (� ��� �,����� - � ��� �,����). In this framework, these 

inputs are obtained from TASOPT internal engine performance maps. 
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∙ Jet noise within this framework is modeled by ANOPP’s Stone Jet Noise model

[106], which is applicable to single stream and coaxial circular jets. This

method assumes jet noise is produced from the fast airflow from the jet mixing

with slower ambient air and scales with the difference of the velocities of the

primary and secondary streams (𝑉𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚,𝑉𝑗𝑒𝑡,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚) and the mass flow,

inputted as area (𝐴𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚,𝐴𝑗𝑒𝑡,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚) times velocity times density

(𝜌𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚,𝜌𝑗𝑒𝑡,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚) in ANOPP, and temperature of the streams

(𝑇𝑡𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚,𝑇𝑡𝑗𝑒𝑡,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚), all of which are obtained from TASOPT internal

engine performance maps.

A summary of the required inputs described above for the ANOPP engine noise models

is shown in Figure 3-15.

- ṁfan,exit 
- Ttfan,exit

- RPM - Vjet,primary stream
- Mjet,primary stream
- Ajet,primary stream
- Ttjet,primary stream
- ⍴jet,primary stream

- Vjet,secondary stream
- Mjet,secondary stream
- Ajet,secondary stream
- Ttjet,secondary stream
- ⍴jet,secondary stream- Ttcore,exit

- ṁfan,inlet 
- Ttfan,inlet

ExitInlet
Combustor:

Primary 
Stream

Secondary
Stream

Jet:
Inlet Exit

Fan:

- Ttcore,inlet
- ptcore,inlet
- ṁcore

LPT:
ExitInlet

- TtLPT,inlet

- TtLPT,exit

Figure 3-15: Required Inputs for the ANOPP Engine Noise Models

These inputs are interpolated from the TASOPT internal engine performance maps such

depending on the thrust, velocity, and altitude at each flight profile operating point. Figure

3-16 shows an example engine internal performance state table from TASOPT based on the

turbofan engine layout used in TASOPT’s engine model. These state tables can be obtained

for any thrust, velocity, and altitude condition after sizing the engine for design conditions.
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(a) (b) 

Figure 3-16: (a) Turbofan Engine Layout Used in TASOPT’s Engine Model, (b) Example 
Outputted Engine Performance Map at Each Engine Component Station for a Boeing 
737-800 at a Climb Mach number of 0.4713, Thrust of 62.051 kN/engine, and Altitude 
of 8,375 ft 

The engine performance inputs to ANOPP are determined from the internal engine 

performance maps from TASOPT as follows: 

�̇ ���,����� = ����� * (�� � + 1) 
����,������������� = ����6 

� ����,����� = � ����2 
����,������������� = ����6 

�� � = � 1 * (�� �� ��,���) 
����,������������� = ����6 

�̇ ���,���� = ����� * (�� �) 
� ����,������������� = ����6 * (1 + 0.5(� − 1)�2 

���6) 

� ����,���� = � ����7 ����� 
����,������������� = 

����6 * ����6
� �����,����� = � ����3 

����,��������������� = ����8 
������,����� = �����3 

����,��������������� = ����8 
�̇ ���� = ����� − ����� 

����,��������������� = ����8 
� �����,���� = � ����4 

� ����,��������������� = ����8 * (1 + 0.5(� − 1)�2 
���8) 

� ��� �,����� = � ����4.5 ����� 
����,��������������� = 

����8 * ����8� ��� �,���� = � ����4.9 

77 



3.3.2 Airframe Source Noise Modeling 

Airframe source noise is modeled given fight velocity and confguration maintained in the 

fight profle and airframe geometry that is obtained from publicly available aircraft geometry 

data [99]. Trailing edge noise of the clean wing and tail is modeled in ANOPP using the 

Fink Airframe noise model [40]. Confguration noise from the leading edge slats, trailing 

edge faps, and landing gear is modeled with the Boeing Airframe noise model [107]. The 

theory and required airframe geometry parameters for these methods are described below: 

∙ Wing and tail trailing edge noise is assumed due to convection of the turbulent 

boundary layer past the trailing edges and is modeled based on the Fink method 

[40] that was derived from airframe noise measurements from the 1970s [108] [109] of 

multiple aircraft in faps up, gear up, idle thrust confgurations, at fight speeds up to 

350 knots. The clean wing overall sound pressure level (OASPL) according to Fink’s 

method is represented by equation 3.3. 

( ) ( ) ( )2� ���� ������������ 
���� � = 50��� + 10��� + 10��� + � + � (3.3)100�� ℎ2 2 

OASPL is a function of the 5�ℎ power of the fight velocity V, a geometry term consisting 

of the wing boundary layer thickness ��, the wing span ��, and the over fight height 

h, and a directivity factor where � and � are directivity angles. The fight test data 

also showed a residual variability for diferent aircraft types which was suggested to be 

due to variability in wing surface aerodynamic smoothness between high performance 

sailplanes and conventional aircraft. To represent the residual variability, suggested 

to be due to variability in wing surface smoothness, Fink used a wing smoothness 

correction factor K [40]. A correction factor of K = 8 dB, termed here as the 

“conventional” wing surface assumption, was consistent with the noise of conventional 

low speed aircraft, for example retractable landing gear, propeller driven aircraft such 

as the Douglas DC-3, and some jets, such as the Boeing 747. A correction factor of 

K = 0 dB, termed here as the “aerodynamically smooth” wing surface assumption, 

was consistent with noise of aerodynamically smooth wings such as high performance 
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sailplanes. The term C in equation 3.3 represents an additional ofset that corrects for 

units. Clean tail noise is modeled similarly with variation in the geometry, directivity, 

and C terms. 

Recent data and expert recommendations indicates the aerodynamically smooth wing 

surface assumption is likely more appropriate for modern jet aircraft [110] that may 

have smoother airframes than the aircraft used in the 1970s fight tests. 

∙ Leading edge slat noise in the Boeing Airframe noise model [107] is attributed to 

unsteady fow and pressure fuctuations in the slat cove [41]. It scales with the slat 

to 6�ℎspan, slat chord, slat sweep, slat gap from the wing, and approximately the 5�ℎ 

power of velocity. 

∙ Flap side-edge noise in the Boeing Airframe noise model [107] is assumed due to 

interactions between vorticies and the fap side edges and is based on the method 

by Guo [43]. It scales with the 5�ℎ power of velocity for low frequencies and the 6�ℎ 

power of velocity for high frequencies and depends on the fap span, chord, sweep, 

thickness, defection angle, and whether the edge is isolated or abutted. 

∙ Landing gear noise in the Boeing Airframe noise model [107] is assumed due to the 

wake shedding of the deployed gear, the exposed components of which act as bluf 

bodies. It is based on the method by Guo [44] [42]. This method enables a detailed 

examination of noise due to not only the stock strut of the gear, but also the additional 

structural members of the gear assembly and wheels given their dimensions. Noise in 

this method scales with the 6�ℎ power of velocity. 

3.3.3 Noise Propagation and Noise Metric Modeling 

ANOPP’s noise propagation and noise metric modules are used to model the propagation 

of the source noise to user-specifed sample grid points on the ground, given the engine and 

airframe source noise throughout the fight profle. After the source noise components are 

summed for each fight segment, the source noise is broken into emission time elements in the 

fight profle. The distance and directivity angles between the aircraft and each sample grid 

point are modeled for each emission time, along with the noise reception time at the grid 

points. The mean square acoustic pressures received at each grid point are then modeled by 
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applying a spherical spreading and an acoustic impedance in air corrections to the source 

mean square acoustic pressures produced during the emission time and at the directivity 

angles associated with each grid point and reception time. Sound intensity loss due to 

atmospheric attenuation is also computed assuming losses due to thermal and viscous efects 

that are a function of temperature, pressure, and humidity as well as distance between the 

emitted noise at the source and the observer on the ground [111]. The method also applies 

a sound intensity loss correction due to destructive interference of refecting sound waves 

when the aircraft is near the ground [14]. This results in mean square acoustic pressure in 

frequency and time at the observing grid locations. 

The availability of mean square acoustic pressure in frequency and time at the observers 

enables the integration of these pressures over the frequency spectra at each sample grid point 

to obtain A-weighted sound pressure levels and perceived noise levels for each time segment 

received at the grid points. The maximum A-weighted sound pressure levels (��,��� ) at 

each sample grid point is determined to assess the fight procedure in terms of ��,��� . The 

A-weighted sound pressure levels and perceived noise levels can also be integrated in time to 

produce Sound Exposure Level (SEL) and Efective Perceived Noise Level (EPNL) metrics. 

3.4 Noise Impact Metric Module 

In order to model community noise impacts, single event fyover noise grids are coupled with 

airport geometry, the surrounding population distribution, and the schedule of departures 

and arrivals for each type of aircraft in the aircraft feet, as diagrammed in Figure 3-17. The 

single event fyover noise grids can be rotated such that the lateral tracks of their associated 

fight profles are aligned with the runways according to the airport geometry. 
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Figure 3-17: Noise Impact Metric Module Framework, population Figure from [47]

The single event flyover noise grids and population distribution obtained from Census

data are indexed and overlaid on a consistent grid in the Noise Impact Module. Population

exposure, or the number of people exposed to certain noise levels, can then be modeled given

a flight schedule that includes aircraft type and procedure schedule. This analysis enables

examination of procedure changes on specific runways around a given airport, as well as

optimization of advanced procedures to minimize location-specific population impact. If an

integrated noise impact metric such as DNL is examined, the SEL single event noise grids

for each aircraft in the associated aircraft fleet are summed over an average annual day of

operations with a 10 dB penalty factor for night-time operations. The resulting DNL grid

is also indexed and overlaid on grid that is consistent with the population distribution to

model population exposure to certain noise levels in terms of DNL.

The modeling framework presented provides the ability to assess a wide variety of

flight procedures through the flexibility in building the flight profile in the flight profile

generation method, provides a noise assessment of both airframe noise and engine noise on

a component basis through the component-based modular noise analysis framework at a
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variety of thrust, velocity, and confguration settings, and provides the ability for procedure 

design for minimization of noise impact to specifc communities given the geometry of the 

airport and population of interest. 

3.5 Validation of Noise Results of Turbofan Aircraft 

with Existing Certifcation Data 

The framework was used to model noise and performance of existing turbofan aircraft and 

results were compared to publicly available noise certifcation data of existing aircraft types. 

FAR Part 36 [16] certifcation data at three specifc observer locations with aircraft fying 

three specifc fight procedures is publicly available from the Federal Aviation Administration 

(FAA) [112] and the European Aviation Safety Agency (EASA) [113]. Each aircraft fies the 

procedures and at the weights shown in Figure 3-18. The efective perceived noise levels 

(EPNL) were recorded at the observer locations also summarized in Figure 3-18. 
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•  Max Takeoff Weight
•  Max Takeoff Thrust
•  Takeoff Flaps
•  Speed V2+10 kts 
•  Landing Gear Up
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(a) flyover

Location of max noise from start of takeoff	
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•  Max Takeoff Thrust
•  Takeoff Flaps
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•  Landing Gear Up 	 Microphone	

(b) lateral

2000m	

•  Max Landing Weight
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•  Landing Flaps
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•  Landing Gear Down

50ft	
3°	

Microphone	
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Figure 3-18: Noise Certification Procedures and Microphone Locations

Noise at each of the certification microphone (observer) locations for six aircraft was

modeled with the Component-Based Aircraft Noise Module. The flight profiles for each

aircraft were modeled in the Flight Profile Generation Module according to the noise

certification flight procedures described in Figure 3-18. A summary of how the thrust,

velocity, configuration, and flightpath angle profiles were obtained for each certification

procedure is shown in Table 3.1. The defined inputs and the unknowns that are solved

in the Flight Profile Generation Module depend on the procedure.
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Table 3.1: Summary of Inputs and Solved-for Unknowns to Generate Thrust, Velocity, 
Confguration, and Flightpath Angle Profles for each Certifcation Procedure 

Procedure 

Certifcation Procedure 

Defnition from FAA 

Part 36 [16] 

Inputs Based on Procedure Defnitions 

Provided with Obtained from 

Certifcation Noise BADA 4 

Levels [112] 

Unknowns Solved in 

Flight Profle 

Generation 

Module 

Flyover ∙ Max Takeof Weight 

∙ Confguration: 

Takeof Flaps, Gear 

Up 

∙ Speed: �2+10 

∙ Before 300 m 

altitude: Max Takeof 

∙ Max Takeof ∙ Drag for Gear 

Weight Up, Takeof 

∙ Takeof Flaps Flaps 

Setting Confguration 

∙ Max Takeof ∙ �2 

Thrust Rating 

∙ Before 300 m 

altitude: Climb 

Angle 

∙ After 300 

m altitude: 

Required 

Thrust 

Thrust 

∙ After 300 m altitude: 

4% climb gradient 

Lateral ∙ Max Takeof Weight ∙ Max Takeof ∙ Drag for Gear 

∙ Confguration: Weight Up, Takeof 

Takeof Flaps, Gear ∙ Takeof Flaps Flaps 

Up Setting Confguration 

∙ Speed: �2+10 ∙ Max Takeof ∙ �2 

∙ Thrust: Max Takeof Thrust Rating 

∙ Climb Angle 

Approach ∙ Max Landing Weight 

∙ Confguration: 

Landing Flaps, Gear 

Down 

∙ Speed: ���� +10 

∙ GlideSlope: 3∘ 

∙ 

∙ 

Max Landing 

Weight 

Landing Flaps 

Setting 

∙ Drag for Gear 

Up, Landing 

Flaps 

Confguration 

∙ Required 

Thrust 

∙ ���� 

Max landing and takeof weights, takeof and landing fap settings, and max takeof 
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thrust ratings for each aircraft were obtained from the aircraft performance provided with 

the certifcation noise levels [112]. �2 and ���� , shown in Figure 3-18, were defned from stall 

speeds which were derived from ��,��� data from BADA 4. �2 was assumed equal to 1.2 times 

������ in takeof confguration and ���� equal to 1.3 times ������ in landing confguration. 

These stall speeds were assumed to correspond to when the aircraft is operating at ��,��� 

for each confguration. Additionally, drag polars for each confguration and aircraft were 

obtained in BADA 4. 

Results are presented in Figure 3-19. An agreement within -2.2 to 3.7 dB between 

the noise results obtained from ANOPP and the certifcation data was found for each of 

these six aircraft and the three observer locations, with many of the measurements agreeing 

within 1 dB of the recorded value. The fyover and approach results on average match the 

recorded values more closely than the high thrust lateral cases. It should be noted that 

the certifcation data is taken at slow airspeeds corresponding to fnal approach or initial 

departure and it is therefore difcult to validate the dependence of the ANOPP results on 

high airspeed and confguration. 

To provide a comparison of these results obtained with this framework with another 

noise tool used for airport community noise assessments, the Aviation Environmental Design 

Tool (AEDT), the same fight procedures were modeled in AEDT and results are shown 

in Figure 3-19. An agreement within -3.7 to 7.5 dB was found between the AEDT 

results and certifcation data across all aircraft and observer locations, indicating overall 

the results modeled in ANOPP have less variability from the certifcation data than the 

AEDT results. The diferences between ANOPP results and certifcation data and are also 

in better agreement for most aircraft than AEDT with exceptions of the A320 where ANOPP 

under-predicted the overfight noise levels and the MD-88 over-predicted the approach and 

lateral noise levels. 

85 



Cert Database ANOPP AEDT 2b

74
78
82
86
90
94
98

102

Flyover Approach Lateral

EP
N

L 
(d

B
)

Boeing 737-800

74
78
82
86
90
94
98

102

Flyover Approach Lateral

EP
N

L 
(d

B
)

Boeing 757-200

74
78
82
86
90
94
98

102

Flyover Approach Lateral

EP
N

L 
(d

B
)

Airbus A320-200

74
78
82
86
90
94
98

102

Flyover Approach Lateral

EP
N

L 
(d

B
)

Embraer E170

74
78
82
86
90
94
98

102

Flyover Approach Lateral

EP
N

L 
(d

B
)

McDonnell Douglas MD-88

74
78
82
86
90
94
98

102

Flyover Approach Lateral

EP
N

L 
(d

B
)

Embraer E145

Flyover		Approach		Lateral	 Flyover		Approach		Lateral	

Flyover		Approach		Lateral	 Flyover		Approach		Lateral	

Flyover		Approach		Lateral	 Flyover		Approach		Lateral	

102	
98	
94	
90	
86	
82	
78	
74	

102	
98	
94	
90	
86	
82	
78	
74	

102	
98	
94	
90	
86	
82	
78	
74	

EP
N
L	
(d
B)
	

EP
N
L	
(d
B)
	

EP
N
L	
(d
B)
	

102	
98	
94	
90	
86	
82	
78	
74	

102	
98	
94	
90	
86	
82	
78	
74	

102	
98	
94	
90	
86	
82	
78	
74	

EP
N
L	
(d
B)
	

EP
N
L	
(d
B)
	

EP
N
L	
(d
B)
	

Figure 3-19: EPNL (dB) for Several Aircraft Types Modeled in ANOPP and AEDT 2b and 
Compared to Noise certifcation Data 
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Chapter 4 

Advanced Operational Flight 

Procedures of Conventional 

Aircraft—Evaluation of the Impact of 

Flight Path Angle and Speed on 

Community Noise 

In this chapter, the framework presented in chapter 3 is used to evaluate the noise impacts 

of several advanced operational fight procedures fown by conventional aircraft. Specifcally, 

the procedure modifcations examined show the impacts of changing aircraft fight path 

angle and speed during approach and departure on community noise for transport category 

jet aircraft. 

Example opportunities to modify aircraft altitude and speed on both typical departure 

procedures and typical approach procedures are identifed. Example fight procedures with 

altitude and/or speed modifcations for each case and resulting community noise impacts 

are also presented. Flight trials of approach procedures with altitude and fight speed 

modifcations conducted during the Boeing ecoDemonstrator program in November 2019 

are also shown. Finally, for procedures where signifcant noise reductions were obtained by 
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changing aircraft altitude or speed, the operational implications and limitations of those 

procedures are also discussed. 

For each arrival and departure procedure evaluated, the community noise impact was 

modeled for a representative narrow body jet transport aircraft (a Boeing 737-800 with 

CFM56-7B engines) and a representative wide body jet transport aircraft (a Boeing 777-300 

with Trent 892 engines for departure examples and a Boeing 777-200 with PW4077 engines 

was used for approach examples). 

4.1 Impact of Aircraft Flight Path Angle and Speed 

on Aircraft Source Noise 

As mentioned in chapter 3, the primary sources of noise from aircraft are engine and airframe 

noise. Historically jet engine noise has been the dominant noise source particularly during 

high power settings on takeof. Modern engines have become signifcantly quieter and 

airframe noise has become increasingly important during landing and for some reduced power 

settings. Aircraft speed impacts engine and airframe noise diferently, as discussed briefy 

below. 

4.1.1 Impact of Flight Path Angle and Speed on Engine Noise 

Engine noise arises primarily due fan, core, and jet noise. Fan noise arises due to turbulent 

air passing rotating fan blades and stator vanes [36], core noise arises due to the combustion 

of hot gasses in the engine core and subsequent propagation through the turbine [105], and 

jet noise arises primarily due to the turbulent mixing of fast jet exhaust airfow with slower 

ambient air [106]. In general, the engine noise will increase with increased power setting. On 

departure, an increase in climb angle to obtain more altitude is typically associated with an 

increase in power setting and therefore an increase in engine noise. On approach, a greater 

descent angle typically results in a decrease in engine noise. Engine noise also increases with 

increasing diference between the speed of the high velocity jet airfow and the speed of the 

aircraft, which impacts the turbulent mixing of the shear layers in the engine exhaust. 
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4.1.2 Impact of Flight Path Angle and Speed on Airframe Noise 

Airframe noise arises from turbulence generated by the aircraft airframe, usually around 

geometry changes. This includes noise from the basic wing and tails, known as trailing edge 

noise, as well as additional noise from the devices that extend into the airfow such as faps, 

slats, and landing gear. All of these airframe noise sources are highly sensitive to aircraft 

speed. Clean trailing edge and slat noise scales with velocity to the 5th power [40][41]. Flap 

noise scales with the 5th power of velocity for low frequencies and the 6th power of velocity 

for high frequencies [43]. Landing gear noise scales with the 6th power of velocity [44][42]. 

In addition to the source noise efect described above, speed is also tightly coupled to 

aircraft fight aerodynamics and thus impacts the confguration of the aircraft (i.e. faps, 

slats, and landing gear settings). At slower speeds, the faps and slats are extended to reduce 

the stall speed which will also cause an increase in airframe noise. In addition, increasing 

fight path angle on descent tends to require more drag and thus requires extending drag 

generating devices such as faps, slats, and gear which will also cause an increase in airframe 

noise. 

4.2 Efect of Aircraft Flight Path Angle and Speed on 

Departure 

4.2.1 Options to Change Aircraft Flight Path Angle and Speed 

on Departure 

A typical departure procedure is shown in Figure 4-1 to provide a basis of comparison to 

consider how varying fight path angle and speed on departure would impact community 

noise. In a typical departure, the aircraft accelerates on the runway and performs its initial 

climb segment at a predetermined takeof thrust and at an initial takeof speed. The initial 

takeof speed is set by safety and performance considerations and is dependent on aircraft 

weight to provide stall margin. Because of the criticality of stall margin and climb gradient 

at low altitude, the initial takeof speed is not considered a candidate to be modifed. 
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After reaching a transition altitude, usually between 1,000 ft and 2,000 ft, the thrust is 

reduced to a climb setting and the aircraft accelerates to a target climb speed. The thrust 

reduction is recommended for noise reduction in ICAO document 8168 [52]. The target 

climb speed is typically 250 knots, which is the maximum speed permitted below 10,000 ft 

in the United States. After the thrust reduction and as the aircraft accelerates, the faps are 

incrementally retracted until the wing is in its faps and slats retracted confguration. This 

is consistent to what ICAO describes as Noise Abatement Departure Procedure 2 (NADP 

2) in document 8168 [52]. 

Acceleration
Segments

Constant Speed 
Climb Segment

Takeoff 
Segment

Initial Climb 
Segment

Al
tit

ud
e

Lateral Track Distance

250 kts

Thrust 
Reduction

Figure 4-1: Typical Departure Procedure Divided into Segments, Consistent with NADP 2 

There are two primary options to consider for varying fight path angle and speed in 

the departure phase after the takeof and initial climb segment: 

∙ Changing location of the start of acceleration and fap retraction 

∙ Reducing the climb speed 

∙ Changing the climb angle 

4.2.2 Changing Location of the Start of Acceleration and Flap 

Retraction 

Modifying the acceleration and fap retraction location has been considered previously. ICAO 

has recommended two procedures that consider where the location of the start acceleration 
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and fap retraction occurs in ICAO document 8168 published in 2006 [52]. They are Noise 

Abatement Departure Procedures (NADP) 1 and 2, shown in Figure 4-2. These procedures 

are used as examples to show how modifying the location of the start acceleration and fap 

retraction impacts community noise. 

In the NADP 1, after the initial thrust reduction at a cutback altitude, typically between 

800 ft and 1,500 ft, the aircraft holds its initial climb speed of up to V2 + 20 knots to an 

altitude of 3,000 ft. At 3,000 ft, the aircraft accelerates to its fnal climb speed of 250 knots. 

In the NADP 2, after the transition altitude, the aircraft accelerates to either its faps up 

speed + 20 knots or its fnal climb speed. The NADP 2 is the standard procedure in the 

United States and NADP 1 is the standard procedure internationally. 

The altitude gain of the NADP 1 between the thrust cutback altitude and 3,000 ft due 

to holding V2 + 20 knots is meant to beneft close in communities, while the altitude gain 

in the NADP 2 after the aircraft has accelerated to its fnal climb speed is meant to beneft 

far out communities. 
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Figure 4-2: Diference in Acceleration Height on Departure Represented by NADP 1 (3,000 
ft acceleration height) and NADP 2 (1,500 ft Acceleration Height) Comparison 

The noise impact of a representative narrow body jet aircraft (Boeing 737-800) 

performing an NADP 2 procedure compared to an NADP 1 procedure was investigated. 
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The NADP 1 and 2 defnitions are ambiguous in terms of the climb angle specifed during 

the acceleration segments. Thus, the climb angles in this example were determined to be 

the mean climb angles of Boeing 737-800 departures at Boston Logan Airport (BOS) from 

Airport Surface Detection Equipment, Model X (ASDEX) radar data in 2017. The altitude 

and velocity profles from this data are shown in Figure 4-3 along with the mean profles of 

this data. The velocity data shows that for Boeing 737-800 departures at BOS, the start of 

acceleration occurs beginning after the initial cutback at about 1,500 ft, which is consistent 

with the NADP 2 procedure defnition. 

Figure 4-3: ASDEX Radar Altitude and Velocity Data of Boeing 737-800s on Departure at 
BOS in 2017 
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Modeled fight profles of the representative narrow body aircraft for both the NADP 1 

and NADP 2 are depicted in Figure 4-4, which shows the comparison of altitude, velocity, 

and thrust profles. The weight was assumed to be 90 percent of the maximum takeof weight 

for this aircraft1. The thrust was assumed to be the same between the two procedures to 

provide a comparison of impacts due only to the change in acceleration height. Between 

the thrust cutback altitude and 3,000 ft, the aircraft performing the NADP 1 had a steeper 

climb angle than in the NADP 2 due to maintaining V2 + 20 knots in this region rather 

than accelerating. 
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Figure 4-4: Comparison of Altitude, Velocity, and Thrust Profles for a Narrow Body Aircraft 
Performing NADP 1 (magenta) and NADP 2 (black) 

Noise impacts for the representative narrow body aircraft performing the NADP 1 and 

NADP 2 are shown in Figure 4-5 as the total L�,��� under the fight track during a straight 

out departure. The diference in L�,��� noise under the fight track of the representative 

narrow body aircraft performing the NADP 2 and NADP 1 is shown Figure 4-6. Figure 4-7 

shows the corresponding L�,��� contours. 
1Maximum Takeof Weight assumed to be 174,000 lbs for the Boeing 737-800. 
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Figure 4-6: Reduction in Undertrack L�,��� (dB), NADP 1 compared to NADP 2 for a 
Representative Narrow Body Aircraft 
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Figure 4-7: NADP 1 and 2 L�,��� (dB) contours for a Representative Narrow Body Aircraft 

Figure 4-6 shows that with the assumed procedures from Figure 4-4 the NADP 1 results 

in a small noise reduction where the NADP 1 holds �2 + 20 knots due to the extra altitude 

gained during the climb in this segment. This results in a small reduction of the extent 

of the 70 dB contour when fying the NADP 1 compared to the NADP 2, as can be seen 

in Figure 4-7. After about 6 nmi where the two procedures converge, there is insignifcant 

diference between NADP 1 and NADP 2 for this aircraft. The small, 1.2 dB, maximum 

noise reduction is over a limited spatial area and is therefore not considered a signifcant 

noise reduction. 

The noise impacts were also investigated for a representative wide body aircraft (Boeing 

777-300) performing an NADP 2 procedure compared to an NADP 1 procedure. The climb 

angles in this example were set at the mean climb angles of Boeing 777-300 departures at 

Boston Logan Airport (BOS) from ASDEX radar data in 2017. The altitude and velocity 

profles from this data are shown in Figure 4-8 along with the mean profles of this data. 

The velocity data shows that for Boeing 777-300 departures at BOS, the start of acceleration 

occurs beginning after the initial cutback at about 1,900 ft, which is consistent with the 

NADP 2 procedure. 
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Figure 4-8: ASDEX Radar Altitude and Velocity Data of Boeing 777-300s on Departure at 
BOS in 2017 

Modeled fight profles of the representative wide body aircraft for both the NADP 1 

and NADP 2 are depicted in Figure 4-9, which shows the comparison of altitude, velocity, 
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and thrust profles. The weight was assumed to be 90 percent of the maximum takeof weight 

for this aircraft2. 
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Figure 4-9: Comparison of Altitude, Velocity, and Thrust Profles for a Wide Body Aircraft 
Performing NADP 1 (magenta) and NADP 2 (black) 

Noise impacts for the representative wide body aircraft performing the NADP 1 and 

NADP 2 are shown in Figure 4-10 as the total L�,��� under the fight track during a straight 

out departure. The diference in L�,��� noise under the fight track of the representative 

wide body aircraft performing the NADP 2 and NADP 1 is shown Figure 4-11. Figure 4-12 

shows the corresponding L�,��� noise contours. 

2Maximum Takeof Weight assumed to be 659,550 lbs for the Boeing 777-300. 
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Figure 4-11: Reduction in Undertrack L�,��� (dB), NADP 1 compared to NADP 2 for a 
Representative Narrow Body Aircraft 
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Results in Figure 4-11 show that the undertrack noise levels are quite similar up until 

7 miles after which the NADP 2 has a slightly lower (0.4 dB) noise level due to the slightly 

higher altitude of the NADP 2 procedure in this region. This can also be seen in a small 

reduction of the 60, 65, and 70 dB contours shown in Figure 4-12. 

The results show that changes in the acceleration location on departure results in small 

diferences in community noise impacts compared to current departure procedures. Currently 

observed procedures in the U.S. are consistent with NADP 2 and it does not appear that 

changing the acceleration location would result in signifcant reduction in community noise 

impacts. 

4.2.3 Reduced Climb Speed 

Another option for varying the speed on departure is to reduce the climb speed, which will 

reduce the highly speed dependent airframe noise during the climb segment after initial thrust 

reduction. The typical departure from Figure 4-1 is used to provide a basis of comparison 

to consider where varying the speed on departure would impact community noise. 

In the reduced speed departures, aircraft were assumed to maintain the same weight, 

altitude profle, and velocity profle as the typical departure through the initial climb 

segment until the aircraft accelerated to the minimum safe airspeed with faps up, which was 

maintained to 10,000 ft as shown in Figure 4-13. The minimum safe airspeed in the faps 
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up confguration, assumed 1.3 x V�����, was assumed to be the minimum reasonable climb 

speed to 10,000 ft because of concerns about icing with faps deployed at high altitudes. 

Aircraft were assumed to have maintained the same thrust profle as the typical departure 

resulting in higher climb profles for the reduced speed departures. 220 knots was assumed 

to be the minimum safe airspeed in the faps up confguration for the representative narrow 

body aircraft, while 240 knots was assumed for the representative wide body aircraft. The 

weight was assumed to be 90 percent of the maximum takeof weight for both aircraft as 

referenced in the previous section. 
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Figure 4-13: Reduced Climb Speed Departure Defnitions 

Because the faps, slats, and gear are retracted during reduced speed climb, the airframe 

noise is from only the trailing edge noise and improvement from a reduced climb speed would 

only occur only if the trailing edge noise is greater than the engine noise during climb. The 

trailing edge noise is normally not an important factor during initial takeof when the noise 

is dominated by engine or during landing when the noise is dominated by engine or fap, 

slat, and landing gear noise. As a consequence there is very little public data for trailing 

edge noise for modern aircraft in the clean (faps, slats and gear retracted) confguration. 

As mentioned in section 3.3, the ANOPP noise model for trailing edge noise has the 

option to use the “aerodynamically smooth” or “conventional” wing surface assumption. 

Based on the public 1970s data, most transport aircraft would have the louder “conventional” 

wing surface. However, recent data provided by NASA [110] indicates that modern aircraft 

wing surfaces are closer to the “aerodynamically smooth” aircraft assumption. As a 

consequence, the quieter “aerodynamically smooth” trailing edge noise levels were used in 
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this analysis. 

The noise impacts of each aircraft performing reduced speed departures compared 

to typical departures was investigated. The L�,��� noise under the fight track of the 

representative narrow body aircraft for the 220 and 250 knots climb speeds Figure 4-14. The 

corresponding diference in L�,��� noise under the fight track between the 250 knots climb 

speed departure and 220 knots climb speed departure is shown in Figure 4-15. The reduction 

in noise from reducing the climb speed from 250 to 220 knots occurs between 3.5 and 8 miles 

and is less than 0.5 dBA. 
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Figure 4-14: L�,��� (dB) Under the Flight Track for 250 knot Climb Speed Departures and 
220 knot Climb Speed Departures for a Representative Narrow-Body Aircraft 
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Figure 4-15: Reduction in L�,��� (dB) for 220 knot Compared to 250 knot Climb Speed 
Departure for a Representative Narrow-Body Aircraft 

101 



Engine, airframe, and total L�,��� noise contours of a takeof from for the representative 

narrow body aircraft are shown in Figure 4-16 for typical and reduced climb speeds of 250 

knots and 220 knots with the aerodynamically smooth wing surface assumption. 
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Figure 4-16: L�,��� (dB) Noise Contours 220 and 250 knot Climb Speed Departures for a 
Representative Narrow-Body Aircraft 

The reason for there being only a small noise diference from varying the climb speed 

can be seen in the noise contours in 4-16, which break out the airframe and engine noise. 

Because the noise is dominated by engine noise during the climb the climb speed does not 

have a signifcant efect on the noise contour 

Similar trends in noise impact were seen in with the representative wide body aircraft. 

The L�,� �� noise under the fight track for the 240 and 250 knots climb speeds with the 

“aerodynamically smooth” wing surface assumption are shown in Figure 4-17. The diference 

in the resulting L�,� �� noise under the fight track is insignifcant as shown in Figure 4-18. 

Again this is due to the dominance of engine noise during climb, which can be seen in the 

noise contours in Figure 4-19. 
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Figure 4-17: L�,��� (dB) Under the Flight Track for 250 knot Climb Speed Departures and 
240 knot Climb Speed Departures for a Representative Wide-Body Aircraft 
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Figure 4-18: Reduction in L�,��� (dB) for 220 knot Compared to 250 knot Climb Speed 
Departure for a Representative Wide-Body Aircraft 
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Figure 4-19: L�,��� (dB) Noise Contours 240 and 250 knot Climb Speed Departures for a 
Representative Wide-Body Aircraft 

The results for both the representative narrow body and wide body aircraft that for 

aircraft with aerodynamically smooth wing surfaces, the reduced climb speed does not show 

noise benefts. 

4.2.4 Changing the Climb Angle 

Another modifcation to departures is changing the climb angle, which requires both a change 

in thrust, and thus engine noise, as well as a change in altitude. The typical departure from 

Figure 4-1 is used to provide a basis of comparison to consider where varying the climb angle 

on departure would impact community noise. 

The example departure with a modifcation in the climb profle, represented in Figure 

4-20 (a) was obtained by modeling the representative narrowbody aircraft at the same weight 

as the standard departure case from Figure 4-1 but with thrust increased throughout the 

procedure. The increased thrust departure was assumed to perform the takeof and initial 

climb segments at a thrust level 10% higher than the standard departure until the aircraft 

accelerated to V2+15 knots, as shown in Figure 4-20 (b). The acceleration and constant 

speed climb segments were then performed at a thrust level 5% higher than the standard 

departure. These thrust levels enabled the aircraft at 90% MTOW to follow an altitude 

profle similar to that of the highest 15% of altitude profles derived from the ASDEX radar 

data of Figure 4-3. 
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Figure 4-20: Increased Thrust Departure Defnitions 

Single event fyover noise of the standard and increased thrust departure procedures 

was modeled using the framework to demonstrate the noise impacts on a representative 

population. L�,��� results were obtained for the representative narrowbody aircraft on 

a fight track representing the BLZZR4 RNAV departure for Runway 33L at BOS in this 

example. Results are shown in Figure 4-21. 
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1 nm Spacing Marker
Flight Track
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LAMAX Noise Contours (dB)

60	
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Figure 4-21: BOS BLZZR4 RNAV Standard and Increased Thrust Departure Noise Contours 
for the Representative Narrowbody Aircraft 
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As seen in Figure 4-21, noise contour shape and area difered with thrust and altitude. 

Compared to the standard departure, the contours of the increased thrust departure shown 

in Figure 4-21 are wider near the airport due to the initial high thrust level. However, the 

altitude gain during the initial climb segment results in an overall shrinking of the contour 

extent beneath the fight track for the remainder of the procedure. 

To quantify the noise reduction, modeled population exposure at each of the 60 dB, 65 

dB, and 70 dB L�,��� noise levels for each case are shown in Table 4.1. 

Table 4.1: Population Exposure Comparison in L�,��� of the Standard and Increased Thrust 
BLZZR4 RNAV Departures for the Representative Narrowbody Aircraft 

L�,��� Level (dB) 60 65 70 

Standard 159,624 61,375 28,140 

Population Exposed Increased Thrust 138,063 57,245 21,853 

Decrease 21,561 4,130 6,287 

Table 4.1 shows that by reducing the extent of the departure contour for the increased 

thrust departure over the densely populated area beneath the BOS BLZZR4 RNAV departure 

track, there are overall reductions in population exposure due to the higher altitudes attained 

in the climb. However there is an increase in the width of the contour near the airport due 

to the initial high power, which would negatively impact communities in this region. 

4.2.5 Operational Implications of Altered Climb Angle 

Departures 

Of the departure procedure modifcations shown, only changing the departure climb angle 

via thrust increase had a signifcant impact on noise. The operational implications of this 

procedure are thus discussed. 

Altering thrust and climb angle during departure yields diferences in departure fuel 

burn and fight time compared to the standard. To assess this impact, the diferences were 

calculated between the standard and increased thrust departure using the framework. Fuel 

burn and time was evaluated by recording the diference between the fuel burn, time, and 

106 



length of the ground track travelled for the standard and altered thrust profles to reach the 

same fight state at 15,000 ft. Since the increased thrust profles had diferent ground track 

lengths to 15,000 ft than the standard, the diference in ground track lengths was made up 

in cruise. Fuel burn and time in that segment was added assuming it was compensated for 

at the cruise speed provided from each aircraft’s performance data from BADA 4. Results 

for these comparisons are shown in Table 4.2. Compared to the standard departure, the 

increased thrust departure resulted in a decrease in overall fight time due to the increased 

acceleration rates at the beginning of this procedure. This procedure however resulted in a 

fuel consumption increase of 59 lbs due to the higher thrust levels throughout the procedure. 

Table 4.2: Increase in Total Fuel Burn and Time when Flying an Increased Thrust Departure 
Compared to a Standard Departure for the Representative Narrowbody Aircraft 

Fuel Consumption Increase (lbs) 59 
Total Flight Time Decrease (s) 24 

The noise contours from Figure 4-21 show that altered thrust procedures also result in a 

redistribution of noise beneath the fight track rather than a reduction in noise everywhere. 

Thus, alternative thrust departures that yield the most noise reductions will be dependent on 

the specifc airport layout and population distribution. In this example, while the increased 

thrust departure resulted in an overall reduction in population exposure at BOS, this may 

not be the case for an airport with more concentrated populations near the airport. 

4.3 Efect of Aircraft Flight Path Angle and Speed on 

Approach 

4.3.1 Options to Change Aircraft Flight Path Angle and Speed 

on Approach 

A typical approach procedure is shown in Figure 4-22 to provide a basis of comparison to 

consider where varying the speed on approach would impact community noise. Typical 

approach procedures consist of an initial descent segment from a starting altitude, 
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deceleration segments where faps and slats are released, a level segment and an interception 

with the Instrument Landing System (ILS) glide slope (in some cases approach procedure 

may also be a continuous descent to the ground), and a fnal descent to touchdown, as 

depicted in Figure 4-22. Some options for modifying aircraft fight path angle and speed are 

discussed below. 
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Level Segment

Initial Descent Segment

Final Approach Segment

Al
tit

ud
e

Lateral Track Distance

ILS Glide Slope Intercept

Minimum Height for Stabilized 
Approach Criteria (1,000 ft)

Figure 4-22: Typical Approach Procedure Divided into Segments 

Flight Path Angle 

Instead of fying an approach with a level segment, the aircraft can maintain a continuous 

descent all the way to touchdown. In addition, the aircraft could fy certain portions of a 

fight procedure with a steeper than the standard glide slope of 3∘. Compared to the typical 

approach procedure continuous descent profles result in increased altitude for every distance 

outside the glide slope intercept point. 

Speed 

Speed in the approach can be modifed in regions outside of the stabilization point. The 

Flight Safety Foundation Approach-and-Landing Accident Reduction Briefng Note 7-1 

suggests that all aircraft must meet stabilized approach criteria at a minimum of 1,000 

feet above the airport surface in instrument meteorological conditions [114], meaning the 

aircraft is fully confgured for landing and at a constant fnal approach speed between V��� 

and V��� + 20 knots. This point is highlighted on Figure 4-22. The stabilization point may 

occur further from touchdown than 1,000 ft. 
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Example approach procedures from Airport Surface Detection Equipment, Model X 

(ASDEX) radar data are depicted in Figure 4-23, which shows Boeing 737-800s approaches 

into Runway 4R at Boston Logan International Airport (BOS). The data shown in Figure 

4-23 were aircraft leveling of at 4,000 ft before intercepting the ILS glide slope. Figure 4-23 

also shows the corresponding velocity profles. As is observed in the velocity data in Figure 

4-23, most of the fights are stabilized at 1,700 ft, which corresponds to the outer marker 

location at BOS runway 4R [115]. Before the stabilization point, deceleration rates may vary, 

as is seen in the velocity data in Figure 4-23. The mean velocity profle of this data, along 

with an example profle where the aircraft decelerated early and with an example profle 

where the aircraft delayed its deceleration, are highlighted. 

-30 -25 -20 -15 -10 -5 0
Ground Track Distance (nmi)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Al
tit

ud
e 

(ft
)

Mean Altitude Profile
Radar Departure Tracks

Stabilization
Point

ILS Glide slope
Intercept

Observed

Initial Descent Segment

Final Approach Segment

Minimum Height for 
Stabilized Approach 
Criteria (1,000 ft)

-30 -25 -20 -15 -10 -5 0
Ground Track Distance (nmi)

50

100

150

200

250

300

Ai
rs

pe
ed

 (k
ts

)

Groundspeed Profiles
Converted to Indicated Airspeed
Sample Delayed Deceleration Profile
Mean Velocity Profile
Sample Early Deceleration Profile

Deceleration Segments Constant
Velocity and
Configuration

After
Stabilization

Point

Figure 4-23: ASDEX Radar Altitude and Velocity Data of Boeing 737-800s Performing ILS 
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Flaps and slats are required to be deployed on approach to allow the wing to maintain 

lift at the lower speeds required for landing and to provide drag to slow the aircraft. Aircraft 

typically deploy faps and slats when they have decelerated to 10 knots below the maximum 

allowable speed for each confguration. Aircraft typically have between four and seven 

fap and slat settings, with higher settings corresponding to higher degrees of fap and slat 

extension. Aircraft that decelerate relatively early in the approach require faps and slats to 

be deployed early and to set engines at above idle thrust for much of the approach profle 

[56]. This results in an early onset of confguration noise from faps and slats and additional 

engine noise. 

An alternative is a delayed deceleration approach. In a delayed deceleration approach, 

the deceleration is delayed such that the aircraft can have faps and slats up and operate at 

low thrust for as long as possible to reduce both confguration and engine noise. The aircraft 

deceleration is delayed to a location such that it is still able to slow to the fnal approach 

speed at the stabilization point. Prior analyses have shown that the reduced fight time 

and thrust during this type of procedure yields signifcant reductions in fuel burn [56]. The 

reduced thrust and delaying of fap and slat deployment are also benefcial for noise. 

4.3.2 Continuous Descent Approaches 

Varying fight path angle on approach involves descending at a higher glideslope than 

standard or maintaining a constant descent until touchdown without level segments, known 

as a continuous descent approach. Continuous descent approaches have been studied 

previously [58][59][60] and pose unique challenges for diferent airports and runways. Speed, 

altitude, confguration, and thrust are highly coupled on approach and various modifcations 

to the approach can be carried out. In this section, example noise impacts of a representative 

narrow body aircraft performing continuous descent approach procedures are compared to 

standard approaches with a level segment. 

Flight profles of the representative narrow body aircraft (Boeing 737-800) for both 

baseline and continuous descent approach procedures were generated and are shown in Figure 

4-24. The weight was assumed to be maximum landing weight3. The baseline cases are 

3The maximum landing weight of the Boeing 737-800 assumed to be 146,000 
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performing a 3 degree ILS approach with a level segment and a standard deceleration profle. 

There are two baseline cases, one with a level segment at 4,000 ft and one with a level segment 

at 3,000 ft. The standard deceleration profle was assumed to be the mean deceleration profle 

seen in the ASDEX velocity data in Figure 4-23. Flap and slat deployment were assumed to 

occur once the aircraft decelerated to 10 knots below the maximum slat and fap speeds for 

each confguration. The 1,700 ft location, which corresponds to the outer marker location at 

BOS runway 4R [115], was assumed to be the stabilization point where the aircraft was at 

the fnal approach speed—assumed to be V��� + 10 knots—and fully confgured for landing. 

This was consistent with observations and is a 700 ft bufer from the stabilized approach 

criteria minimum height of 1,000 ft. 

The baseline cases with a level segment at 4,000 ft and 3,000 ft are compared to a 

continuous descent approach. For the continuous descent approach, the velocity profle was 

assumed to be the same as in the baselines but with thrust reduced in order for the aircraft 

to fy the continuous descent in the region prior to the glideslope intercept. The resulting 

fight profles are shown in Figure 4-24. The distance to touchdown where the faps 1 through 

faps 30 confguration settings were deployed are marked on the indicated airspeed profles. 
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Figure 4-24: Comparison of Altitude, Velocity, and Thrust Profles for a Narrow Body 
Aircraft Performing Baseline Approaches with Level Segments (black) and Continuous 
Descent Approaches (magenta) 

The black lines in Figure 4-24 represent the altitude, velocity, and thrust profles of the 

baseline approaches with level segments. A thrust increase occurs during the level segments 

for both cases and the deceleration from faps 5 to faps 15 occurs closer to touchdown for 

the baseline with the 3,000 ft level segment than the 4,000 ft level segment. The magenta 

lines in Figure 4-24 represent the continuous descent approach procedure altitude, velocity, 

and thrust profles. The thrust is reduced compared to the baselines at the locations where 

level segments were fown in the baselines. 

Figure 4-25 shows the reduction in the total L�,��� noise under the fight track due to 

the continuous descent approach compared to the baseline cases. 
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Figure 4-25: Reduction in L�,��� (dB) Under the Flight Track for a Representative 
Narrow Body Aircraft, Baseline Approaches with Level Segments minus Continuous Descent 
Approach Noise Impact 

Figure 4-25 shows that before the location of the fnal glideslope intercept in the baseline 

cases, the altitude gain in the continuous descent approach results in an approximately 2 dB 

decrease in noise compared to the baseline cases, with some regions of smaller decrease due 

to the diference in locations where faps are released and thrust reductions occur. After the 

location of glideslope intercept of the baseline cases, the procedures have equal noise impact. 

The decrease in noise thus occurs until about 10 nmi to touchdown when comparing to the 

3,000 ft level segment baseline and occurs until about 12 nmi to touchdown when comparing 

to the 4,000 ft level segment baseline. 

The impacts to population exposure of continuous descent approaches compared to the 

baseline approaches with level segments can be shown for diferent runways and airports. To 

illustrate the impacts at Boston Logan Airport (BOS), the impacts of the approaches are 

shown into Runways 4R, 22L and 33L. The arrival tracks into these runways at BOS in 2017 

were obtained from ASDEX data and are plotted in Figure 4-26. The arrivals into runway 

4R from the south and from the north were separated into two categories, with the arrivals 

from the south into Runway 4R are highlighted in blue in Figure 4-26. 
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Figure 4-26: Arrival Tracks into BOS Runways in 2017 from ASDEX 

The percentage of arrivals that were continuous descents as well as the average altitude 

for which level segments were performed by aircraft not fying CDAs is shown in Table 4.3 

for each runway. It is notable that about 51% of the arrivals into Runway 4R on a peak 

day of operations in 2017 were coming from the south. Arrivals performing level segments 

coming from the south into 4R on average performed 4,000 ft level segments. All other 

arrivals performing level segments into the other runways on average performed 3,000 ft 

level segments. Other than the aircraft arriving from the south into Runway 4R, about 6% 

or less of all arrivals into the runways at this airport contained level segments, likely for 

sequencing of trafc with diferent base leg lengths in the arrival. 

Table 4.3: Mean Level Segment Altitude and Percentage of Arrivals that were Continuous 
Descent Approaches by Runway in BOS in 2017 

Runway Percent CDAs Mean Level Segment Altitude 

4R (Arrivals from the South) 38% 4,000 ft 

4R (Arrivals from the North) 6% 3,000 ft 

22L 4.6% 3,000 ft 

33L 3.3% 3,000 ft 

The noise impacts for the narrowbody aircraft performing the arrivals into each of the 

runways from Figure 4-26 was modeled assuming the aircraft few straight-ins except for 
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arrivals from the north into Runway 4R. For arrivals from the north into Runway 4R, the 

aircraft was assumed to follow an RNP-like turn to fnal. The diference in the L�,��� noise 

contours of the representative narrowbody aircraft for both the baselines with level segments 

and continuous descent approaches on approaches into Runway 4R (arrivals from the south 

and north), Runway 22L, and Runway 33L at BOS are shown in 4-27. The baseline for each 

case was based on the mean level segment altitude for each of the runways from Table 4.3. 

The reductions in noise at each runway impact diferent communities. 
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4,000 ft level 

off

(a) Runway 4R (Arrivals from South) 
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off
RNP CDA 
Procedure

(b) Runway 4R (Arrivals from North) 
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(c) Runway 22L (d) Runway 33L 

Figure 4-27: Reduction in L�,��� 60 (dB) Contour for the Representative Narrowbody 
Aircraft Performing CDAs into Runways at BOS, Baselines with Level Segments minus 
CDAs 
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To quantify the noise reduction, modeled population exposure at each of the 60 dB, 

65 dB, and 70 dB L�,� �� noise levels for each case are shown in Table 4.4. Reductions 

in noise primarily occur at the 65 and 60 dB noise contours. There are larger reductions 

in population exposure when comparing the continuous descent approach to the baseline 

approaches with 3,000 ft level segments compared to the baseline approach with a 4,000 ft 

level segment. 

Table 4.4: Population Exposure Comparison in L�,��� of the Continuous Descent Approach 
Compared to a Baseline Approaches with Level Segments for the Representative Narrowbody 
Aircraft 

L�,��� Level (dB) 60 65 70 

Runway 4R Baseline (4,000 ft Level Segment) 37,690 12,305 3,074 

(Arrivals from South) Continuous Descent 35,749 12,284 3,040 

Population Exposed Decrease 1,941 21 34 

L�,��� Level (dB) 60 65 70 

Runway 4R Baseline (3,000 ft Level Segment) 43,331 14,052 3,143 

(Arrivals from North) Continuous Descent 36,937 12,647 3,143 

Population Exposed Decrease 6,394 1,405 0 

L�,��� Level (dB) 60 65 70 

Runway 22L Baseline (3,000 ft Level Segment) 104,416 60,772 17,573 

Population Exposed Continuous Descent 100,508 54,038 17,027 

Decrease 3,908 6,734 546 

L�,��� Level (dB) 60 65 70 

Runway 33L Baseline (3,000 ft Level Segment) 10,828 2,386 11 

Population Exposed Continuous Descent 8,481 1,432 11 

Decrease 2,347 954 0 

4.3.3 Delayed Deceleration Approaches 

Varying speed on approach involves delaying the start of the deceleration segments, known as 

a delayed deceleration approach, while maintaining the safety requirement that the aircraft 
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must be fully confgured and at the fnal approach speed at the stabilization point. Example 

noise impacts of a representative narrow body and wide body aircraft performing a delayed 

deceleration approach procedure are compared to a standard deceleration approach. 

The baseline 3 degree ILS approach with a 4,000 ft level segment from section 4.3.2 is 

compared to a delayed deceleration approach. For the delayed deceleration approach, the 

location of the start of the deceleration from 250 knots was assumed to be the point at which 

at idle thrust, the aircraft would be able to meet the fnal faps 30 confguration speed at 

2,000 ft. The resulting fight profles are shown in Figure 4-28. The distance to touchdown 

where the faps 1 through faps 30 confguration settings were deployed are marked on the 

indicated airspeed profles. 
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Figure 4-28: Comparison of Altitude, Velocity, and Thrust Profles for a Narrow Body 
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The black lines in Figure 4-28 represent the velocity and thrust profles of the baseline, 

standard deceleration approach. Because the aircraft decelerates early in these procedures, 
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the thrust must increase to maintain velocity in order to meet the stabilized fnal approach 

velocity at 1,700 ft. The magenta lines in Figure 4-28 represent the delayed deceleration 

approach procedure velocity and thrust profles. The locations of fap deployment are closer 

to touchdown than in the baseline case, and the thrust is at idle for most of the procedure. 

Figure 4-29 shows the reduction in the total L�,��� noise under the fight track due to 

the delayed deceleration approach compared to the standard deceleration. Modeled L�,��� 

under the fight track of the various noise components for the ILS procedure with a 4,000 ft 

level segment is shown in Figure 4-30 for reference. 
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Figure 4-30: Noise Levels Under the Flight Track for Diferent Noise Components, 
Representative Narrow Body Aircraft Approaches with 4,000 ft Level Segment 

As Figure 4-29 indicates, between 26 and 16 nmi from touchdown, faps 1 were deployed 

in the standard deceleration case but not in the delayed deceleration case. Noise is reduced 

by approximately 6 dB by delaying the faps 1 deployment in this region. Between 16 and 

14 nmi from touchdown, faps 5 were deployed in the standard deceleration case but no faps 

were deployed in the delayed deceleration case, resulting in an additional 6 dB reduction in 

this region. The most signifcant reductions are beyond 14 nmi from touchdown. The two 

procedures have the same noise impact between the stabilization point and touchdown. 

Figure 4-30 shows that the fap and slats dominate the overall noise levels before the 
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stabilization point. The delay in the fap and slat deployment, as well as the decrease in 

thrust, resulted in a delay in the fap and slat noise onset and decrease in engine noise 

for the delayed deceleration approach compared to the standard deceleration approach. 

Thus, delaying the deceleration such that the aircraft can maintain the faps and slats up 

confguration and idle thrust levels for as long as possible in the approach in this example 

would have a signifcant impact on reducing community noise. 

Similar results were observed for a representative wide body aircraft (Boeing 777-200). 

Noise impacts of the representative wide body aircraft performing a delayed deceleration 

approach procedure are compared to a standard deceleration procedure. The mean velocity 

versus ground track distance from Airport Surface Detection Equipment, Model X (ASDEX) 

velocity radar data of Boeing 777s at Boston Logan International Airport (BOS) was 

determined to be the standard deceleration rate for this aircraft. The aircraft in this data 

were also performing 4,000 ft level segments before intercepting the ILS. 

Flight profles for both baseline and delayed deceleration approach procedures were 

generated and are shown in Figure 4-31. The weight was assumed to be 65 percent of the 

maximum landing weight4. The baseline case was performing a 3 degree ILS approach with a 

4,000 ft level segment with a standard deceleration profle. The standard deceleration profle 

was assumed to be the mean deceleration profle seen in the ASDEX data for Boeing 777s 

at Boston Logan Airport. Flap and slat deployment were assumed to occur once the aircraft 

decelerated to 10 knots below the maximum slat and fap speeds for each confguration. At 

the 1,700 ft location, which corresponded to the outer marker location at BOS runway 4R 

[115], was assumed to be the stabilization point where the aircraft were at V��� + 10 knots 

and fully confgured. 

4The maximum landing weight of the Boeing 777-200 assumed to be 455,000 
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Figure 4-31: Comparison of Altitude, Velocity, and Thrust Profles for a Wide Body Aircraft 
Performing Standard Deceleration (black) and Delayed Deceleration (magenta) Approaches 
with a 4,000 ft Level Segment 

The black lines in Figure 4-31 represent the velocity and thrust profles of the baseline 

standard deceleration approach. Because the aircraft decelerates early in these procedures, 

the thrust must increase to maintain velocity in order to meet the stabilization velocity at 

1,700 ft. The magenta lines in Figure 4-31 represent the delayed deceleration approach 

procedure velocity and thrust profles. The locations of fap deployment are closer to 

touchdown than in the baseline case, and the thrust is at idle for the entire 4,000 ft level 

segment. Flaps 20 and gear down are required for this aircraft to have enough drag to 

perform the 3 degree fnal descent after the ILS intercept. Thus, the two procedures are the 

same after the ILS intercept. 

Figure 4-32 shows the reduction in the total L�,��� noise under the fight track due to 

the delayed deceleration approach compared to the standard deceleration. Modeled L�,��� 

under the fight track of the various noise components for the ILS procedure with a 4,000 ft 

level segment is shown in Figure 4-33 for reference. 
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Body Aircraft, Standard Deceleration minus Delayed Deceleration Approach Noise Impact 
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Figure 4-33: Noise Levels Under the Flight Track for Diferent Noise Components, 
Representative Wide Body Aircraft Approaches with a 4,000 ft Level segment 

As shown in Figure 4-32, noise is reduced by about 4 to 6 dB by delaying the deceleration 
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and subsequent faps 1 and faps 5 deployment. The most signifcant reductions are beyond 

15 nmi from touchdown. The delay in the fap and slat deployment, as well as the decrease 

in thrust during the level segment between 19 and 13 nmi to touchdown, results in a decrease 

in the confguration noise and engine noise for the delayed deceleration approach compared 

to the standard deceleration approach. After the intercept with the ILS at 13 nmi, the two 

procedures have the same noise impact. In this example, beyond the ILS intercept at 13 

nmi from touchdown, delaying the deceleration such that the aircraft can maintain a clean 

confguration and idle thrust levels for as long as possible is shown to have a signifcant 

impact on reducing community noise. 

To illustrate the population exposure impacts of these procedures, population exposure 

is model at Boston Logan Airport (BOS). The noise contours of the narrow body and wide 

body aircraft are shown for straight-in arrivals into Runways 4R. The diference in the 

L�,��� noise contours for each aircraft fying the delayed deceleration approach compared 

to the standard deceleration approach are shown in Figure 4-34. 

(a) Representative Narrow Body (b) Representative Wide Body 

Figure 4-34: Reduction in L�,��� 60 (dB) Contour for the Representative Narrow and 
Wide Body Aircraft Performing Delayed Deceleration Approaches Compared to Standard 
Deceleration Approaches into Runway 4R at BOS, Standard minus Delayed Deceleration 

To quantify the noise reduction, modeled population exposure at each of the 60 dB, 

65 dB, and 70 dB L�,��� noise levels for each aircraft are shown in Table 4.5. Reductions 
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in noise primarily occur at the 65 and 60 dB noise contours. As a comparison to the 

continuous descent case, population exposure reduction due to the narrow body aircraft 

fying the delayed deceleration approach is greater at the 60 dB level than the narrow body 

aircraft fying the continuous descent into Runway 4R from Table 4.4. This is despite the 

aircraft having less altitude gain in this region. 

Table 4.5: Population Exposure Comparison in L�,� �� of the Delayed Deceleration 
Approaches Compared to Standard Deceleration Approaches into BOS Runway 4R for the 
Representative Narrow body and Wide body Aircraft 

L�,��� Level (dB) 60 65 70 

Narrow Body Standard Deceleration 37,690 12,305 3,074 

Population Exposed Delayed Deceleration 32,389 11,944 3,074 

Decrease 5,301 361 0 

L�,��� Level (dB) 60 65 70 

Wide Body Standard Deceleration 99,708 45,486 17,714 

Population Exposed Delayed Deceleration 88,968 44,657 17,653 

Decrease 10,740 829 61 

Signifcant noise benefts were observed when delaying accelerating and subsequent fap 

and slat deployment for both aircraft assessed. Thus there does appear to be a signifcant 

noise beneft from delayed deceleration approaches. 

4.3.4 Operational Implications of Continuous Descent and 

Delayed Deceleration Approaches 

Continuous descent approaches are shown to ofer noise benefts, but there are operational 

challenges associated with the procedure. Continuous descents could be implemented 

by establishing intercept with the ILS at a higher altitude. However, approaches that 

incorporate level segments are easier to manage from an air trafc control perspective. Level 

fight segments and earlier deceleration give ATC more time to sequence trafc fows. 

In addition, while there does appear to be a signifcant noise beneft from delayed 

deceleration approaches, there are operational challenges associated with this procedure 
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from both a cockpit and air trafc control perspective that also require further study. 

From the cockpit perspective, pilots will need procedures or guidance to manage aircraft 

deceleration on approach considering aircraft weight, winds, and air density to assure that the 

aircraft reaches the stable approach criteria prior to the stabilization point. The guidance or 

procedures could include speed, thrust and confguration targets. Some initial work has been 

done on cockpit displays or planning optimal fap, slat, and landing gear release locations 

based on operating conditions. A few example systems include the Low Noise Augmentation 

System (LNAS) by DLR Flight Systems [63], which an electronic fight bag function that 

shows the closest or latest location from the runway where faps, slats, and gear can be 

deployed and still meet the stable approach at a target location. Another similar system is 

an Airbus Flight Management System mode on the A350 that gives deceleration and fap 

deployment guidance [116]. Such tools would also be useful in implementing continuous 

descent approaches. 

From an air trafc control perspective, diferent deceleration rates for diferent aircraft 

will also create challenges in sequencing aircraft. Airborne aircraft are subject to minimum 

separation requirements. In general, aircraft must be separated by 3 nautical miles 

horizontally and/or 1,000 feet vertically. Detailed separation requirements are specifed 

in FAA Joint Order 7110.65Y [117]. Air trafc controllers must provide a sufcient time 

interval between approaching aircraft to ensure 3 nautical mile separation between leading 

and trailing aircraft. However, the delayed deceleration schedules that yield the greatest 

noise reduction will vary by aircraft, as seen in the narrow body and wide body examples. 

As a result, a trailing aircraft may be unable to perform the delayed deceleration approach 

that yields the greatest noise reduction for that aircraft if the leading aircraft must slow 

down earlier based on its drag performance in order to meet stabilization criteria. 

An additional air trafc consideration is that procedure design criteria may need to be 

adjusted to allow larger turn radii which would be required for higher speed turns. 

Thus, full implementation of delayed deceleration approach procedures for noise 

abatement would require careful assessments about the proper deceleration rates for diferent 

aircraft to get the maximum beneft for the entire feet. 
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4.4 ecoDemonstrator 2019 Flight Trials of Delayed 

Deceleration Approaches 

Given the simulated noise benefts of notional delayed deceleration fight procedures, the 

procedure was tested for fyability in a joint efort between the Boeing Company, the 

Massachusetts Institute of Technology, and the Federal Aviation Administration, as a part 

of the 2019 Boeing ecoDemonstrator program. Boeing’s ecoDemonstrator program is a part 

of the company’s eforts to evaluate and develop technologies and features that improve 

operational efciency and long-term sustainability. The 2019 Boeing ecoDemonstrator 

Program test bed was a Boeing 777-200 shown in Figure 4-35. 

Figure 4-35: 2019 ecoDemonstrator Boeing 777-200 Test Aircraft, Figure from Boeing 

A delayed deceleration approach procedure with a 3.77∘ steeper fnal descent was 

demonstrated on the 2019 ecoDemonstrator during an arrival into Runway 31 at Atlantic 

City International Airport (ACY) from Frankfurt Airport in Germany5. 

4.4.1 Proposed Delayed Deceleration Approach Procedure with 

3.77∘ Final Descent 

The proposed fight procedure for the ecoDemonstrator was a delayed deceleration approach 

with a 3.77∘ steeper fnal descent. The delayed deceleration approach was added onto a 3.77∘ 

5The 2019 ecoDemonstrator also featured advanced technology demonstrations that included 
aerodynamic improvements such as shape memory alloy vortex generators, recyclable cabin materials, and 
operational efciency improving technologies such as head-worn displays and advanced air trafc management 
and airline operational control (AOC) technologies [118] 
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steeper final descent planned for the 2019 ecoDemonstrator. A representation of the vertical

procedure, and the lateral track of the procedure overlaid on the Runway 31 RNAV (RNP)

approach procedure at ACY, is shown in Figure 4-36.
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The procedure consisted of the following two primary phases: 

∙ Delayed Deceleration Approach phase: The aircraft would maintain 240 knots 

on an initial descent and on a lateral track parallel to the RNAV (RNP) Z procedure. 

The aircraft would then perform a 90∘, descending turn to a 2,000 ft level segment, 

including a deceleration to 230 knots. Because the aircraft would maintain the 240 

knots initial descent speed for longer than standard in this procedure, the approach 

track into Runway 31 needed to be modifed with a larger radius during the fnal 90∘ 

turn (highlighted in red in Figure 4-36 (b)). This would minimize the G loads in the 

higher than normal speed turn at that location. The level segment was determined to 

occur at 2,000 ft due to an altitude constraint at ACY at the STEVV waypoint, as 

seen in Figure 4-36 (b). The level segment, diagrammed in blue in Figure 4-36, was 

determined to be the length at which the aircraft could decelerate at idle thrust from 

230 knots to the Flaps 20 speed. The deceleration rate was also determined by the 

drag performance when releasing Flaps 1, Flaps 5, Flaps 20, and landing gear on this 

segment. The length of the deceleration segment is dependent on the aircraft weight 

and wind conditions during the day of the fight. 

∙ Steeper 3.77∘ Final Descent phase: The aircraft would intercept the 3.77∘ near 

the PRSTY waypoint and perform a 3.77∘ fnal descent. 

This procedure was modeled and compared to a notional standard approach procedure 

to demonstrate the expected noise impacts. In the standard procedure, the aircraft was 

assumed to perform a standard deceleration that was observed in ASDEX data at BOS and 

the fnal glideslope was assumed to be 3∘. 

The modeled altitude, velocity, and thrust profles for both the standard and proposed 

procedure are shown in Figure 4-37. The aircraft performing the proposed fight procedure, 

shown in magenta, was at lower thrust levels for most of the procedure. Flap release occurred 

closer to touchdown in the proposed procedure compared to the standard procedure. 
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and Proposed (magenta) Approaches 

Modeled L�,��� noise under the fight track at the component level for both procedures 

is shown in Figure 4-38. 
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Figure 4-38: Noise Levels Under the Flight Track for Diferent Noise Components, Standard 
and Proposed Procedures 

The delay in the fap and slat deployment, as well as the decrease in thrust, results in 

a decrease in the confguration noise and engine noise for the delayed deceleration approach 

compared to the standard deceleration approach. The 3.77∘ fnal descent yields additional 

noise reductions closer to touchdown. 

To illustrate the contribution to noise reduction under the fight track for the delayed 

deceleration and the steeper fnal descent, the reduction in total L�,��� under the fight 

track for the standard procedure compared to the modifed procedure is shown in Figure 

4-39. 
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Figure 4-39: Reduction in L�,��� (dB) Under the Flight Track for the Boeing 777-200 
Performing the Proposed Delayed Deceleration and 3.77∘ Final Descent Compared to the 
Standard Deceleration and 3∘ Final Descent 

The portion of the procedure shown in blue is the noise beneft primarily due to the 

delay in deceleration, while the portion of the procedure in red is the noise beneft primarily 

due to the steeper, 3.77∘ fnal descent. Signifcant noise reductions are apparent from 27 

to 12 nmi to touchdown, where the faps 1 and faps 5 confguration is deployed during the 

standard procedure, while the aircraft is still clean during the alternate procedure. When 

both procedures have a thrust increase during the level segment from about 12 to 10.5 nmi, 

the engine noise dominates and the diference in noise between the two procedures is minimal. 

A signifcant noise reduction between 10.5 and 5 nmi is apparent due to the thrust reduction 

and delayed faps and slats deployment for the delayed deceleration procedure. The beneft 

for the 3.77∘ descent is present from 5 nmi to touchdown. 

Finally, the L�,��� noise contours of both the standard approach and proposed delayed 

deceleration approach with the 3.77∘ fnal descent is shown in Figure 4-40. The diference 

in the L�,��� noise contours for both the standard and proposed approaches are shown 

for this procedure on approach into Runway 31 at Atlantic City Airport (ACY) is shown 

in Figure 4-41. Signifcant reductions in the noise along the entire approach procedure are 

apparent. The exposure to the 60, 65, and 70 dB noise contours is also shown, also indicating 

signifcant noise reductions for the delayed deceleration approach with a 3.77∘ fnal descent 
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Figure 4-41: Reduction in L�,��� 60 (dB) Contour for the Boeing 777-200 Performing the 
Approaches into Runway 31 at ACY, Standard minus Proposed Procedure 

Signifcant noise reductions from the proposed delayed deceleration approach procedure 

with a 3.77∘ fnal descent compared to the notional standard deceleration procedure with a 

3∘ fnal descent were observed. 
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4.4.2 ecoDemonstrator Flight Trials and Comparisons to 

Modeled Noise Results 

The delayed deceleration approach procedure with a 3.77 degree fnal descent was fown into 

Runway 31 at ACY on November 21, 2019 by the Boeing ecoDemonstrator 777-200. To 

demonstrate impacts of the ecoDemonstrator Procedure, the noise was modeled and results 

were compared with modeled noise results of two baseline fight procedures also fown by 

the aircraft during the program. The baselines consisted of the following two approach 

procedures: 

∙ Baseline 1: A standard deceleration and fap defection, standard 3∘ glideslope 

∙ Baseline 2: An early deceleration and fap defection, standard 3∘ glideslope 

ecoDemonstrator Flight 

The fight profles of the ecoDemonstrator procedure, the delayed deceleration approach with 

a 3.77∘ fnal descent into ACY, is shown in Figure 4-42 (a). The altitude and groundspeed 

of this fight was obtained from radar data and the groundspeed profles were converted 

into indicated airspeed by correcting for density altitude and available winds aloft data. 

The thrust profle was modeled in the Profle Generator. The pilots reported no fyability 

issues. The fown procedure was consistent with the proposed procedure and contained 

a level segment at 2,000 ft between 12 and 6 nmi to touchdown and an additional level 

segment at 1,700 ft between 5 and 4 nmi to touchdown to intercept the 3.77∘ ILS. The 

aircraft decelerated from 240 knots to 230 knots before the 2,000 ft level segment and held 

230 knots for about 1 nmi, requiring a thrust increase between about 12 and 11 nmi. The 

aircraft reduced thrust and decelerated from 230 knots to about 140 knots during the 2,000 

ft level segment. Flaps 1 and 5 were deployed starting at about 9 nmi from touchdown. 

Flaps 20 and gear were deployed about 1 nmi before the end of the 2,000 ft level segment. 

Thrust was increased and 140 knots held between 6 and 3 nmi until the aircraft intercepted 

with the 3.77∘ ILS. The resulting ��,� �� contours at the 60, 65, and 70 dB levels are shown 

in Figure 4-42 (b). 
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Figure 4-42: Flight Profle Data and Modeled L�,��� (dB) Contours for the Boeing 777-200 
ecoDemonstrator Procedure into Atlantic City International Airport 

Delayed deceleration approaches are also expected to result in fuel burn reductions 

compared to standard procedures. To assess this, fuel burn during this procedure was also 

modeled using BADA 4. From 30 nmi to touchdown, the modeled total fuel burn was 810 

lbs. This value is compared to the fuel burn of the baseline fights to also demonstrate the 

potential for fuel burn reduction of this procedure. 

The profle data of the proposed delayed deceleration approach with a 3.77∘ fnal descent 

from section 4.4.1 is shown in Figure 4-43 overlaid on the ecoDemonstrator procedure fight 

data from Figure 4-42 (a) for comparison. Thrust for both procedures was modeled using 

the Flight Profle Generator. 
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Figure 4-43: Comparison of Altitude, Velocity, and Thrust Profles for the Proposed 
Delayed Deceleration Approach with 3.77∘ Final Descent (black) and Flown ecoDemonstrator 
Procedure (magenta) 

As seen in Figure 4-42 (a), the deceleration profle during the 2,000 ft level segment 

of the ecoDemonstrator procedure is shifted back about 1 nmi compared to the proposed 

procedure. This is because in the ecoDemonstrator fight, the deceleration from 240 to 230 

knots was performed earlier and a bufer between the Flaps 20, gear down stabilization point 

and the glideslope intercept was included. The deceleration from 230 knots to 140 knots in 

the ecoDemonstrator fight profle has similar rates to those calculated in the proposed profle. 

There is additional thrust in the ecoDemonstrator profle between 6 and 5 nmi to touch down 

and 5 to 3 nmi to touchdown compared to the proposed procedure due to the aircraft being 

on condition (Flaps 20, gear down) earlier in the procedure and due to the presence of the 

additional 1,700 ft level segment. 
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Baseline 1 Flight 

The fight profles of Baseline 1, a standard deceleration approach with a 3∘ fnal descent into 

Boeing Field Airport, is shown in Figure 4-44 (a). The altitude and groundspeed of this fight 

was obtained from radar data and the groundspeed profles were converted into indicated 

airspeed by correcting for density altitude and available winds aloft data. The thrust profle 

was modeled in the Profle Generator. The approach consisted of a level segment at 4,000 

ft between 35 and 20 nmi to touchdown and a level segment at 2,000 ft between 12 and 5.5 

nmi to touchdown. The aircraft decelerated from its initial approach speed of 240 knots to 

about 200 knots during the 4,000 ft level segment and then held 200 knots until 12 nmi, 

requiring additional thrust during the 4,000 ft level segment. Flaps were deployed starting 

at about 11.5 nmi from touchdown. The resulting ��,��� contours at the 60, 65, and 70 

dB levels are shown in Figure 4-44 (b). 
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Figure 4-44: Flight Profle Data and Modeled L�,��� (dB) Contours for Baseline 1 

Finally, the fuel burn during this procedure, modeled using BADA4 from 30 nmi to 
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touchdown, was 1,230 lbs. 

Baseline 2 Flight 

The fight profles of Baseline 2, an early deceleration approach with a 3∘ fnal descent into 

Paine Field Airport, is shown in Figure 4-45 (a). The altitude and groundspeed of this fight 

was obtained from radar data and the groundspeed profles were converted into indicated 

airspeed by correcting for density altitude and available winds aloft data. The thrust profle 

was modeled in the Profle Generator. The approach consisted of a level segment at 3,800 

ft between 29 and 17 nmi to touchdown and a level segment at 3,000 ft between 14 and 8 

nmi to touchdown. The aircraft decelerated from about 200 knots to about 170 knots during 

the 4,000 ft level segment and then held 170 knots until 8 nmi, requiring additional thrust 

during the 4,000 ft level segment. Flaps 1 and 5 were deployed starting at about 24 nmi 

from touchdown. The resulting ��,��� contours at the 60, 65, and 70 dB levels are shown 

in Figure 4-45 (b). 
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Figure 4-45: Flight Profle Data and modeled L�,��� (dB) Contours for Baseline 2 
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Finally, the fuel burn during this procedure, modeled using BADA4 from 30 nmi to 

touchdown, was 1,780 lbs. 

Comparison of ecoDemonstrator Flight Modeled Noise Impacts with Baselines 

The profle data of Baseline 1 (black) is shown in Figure 4-46 overlaid on the ecoDemonstrator 

Flight (magenta) for comparison. Thrust for both procedures was modeled using the Flight 

Profle Generator. 
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Figure 4-46: Comparison of Altitude, Velocity, and Thrust Profles for Baseline 1 (black) 
and ecoDemonstrator Flight (magenta) 

Noise under the fight track for both procedures is shown in Figure 4-47 (a). The 

reduction in noise under the fight track when fying the ecoDemonstrator procedure 

compared to Baseline 1 is shown in Figure 4-47 (b). 
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(b) Reduction in L�,��� (dB) Noise Under the 
Flight Track when Flying the ecoDemonstrator 
Procedure compared to Baseline 1 

Figure 4-47: Noise Levels Under the Flight Track for Baseline 1 and the ecoDemonstrator 
Procedure 

As shown in Figure 4-47, an approximately 6-10 dB reduction in L�,��� is observed 

between 27 and 20 nmi to touchdown when fying the continuous descent in the 

ecoDemonstrator procedure compared to the 4,000 ft level segment and subsequent thrust 

increase in Baseline 1. The two procedures have similar noise profles between about 20 

and 12 nmi to touchdown. Diferences in the thrust onset at the start of the 2,000 ft level 

segment between the two procedures result in spikes in the noise reduction between 12 and 

10 nmi shown in Figure 4-47 (b). An approximately 6 dB noise reduction when fying the 

ecoDemonstrator procedure is observed between about 10 nmi and 7 nmi due to the delay 

in the deployment of Flaps 1. Finally, the steeper, 3.77∘ fnal descent glideslope of the 
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ecoDemonstrator procedure results in an over 5 dB noise reduction compared to the 3∘ fnal 

descent glideslope of Baseline 1 between 3 nmi to touchdown. 

Finally, the profle data of Baseline 2 (black) is shown in Figure 4-49 overlaid on the 

ecoDemonstrator Procedure (magenta) for comparison. Thrust for both procedures was 

modeled using the Flight Profle Generator. 
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Figure 4-48: Comparison of Altitude, Velocity, and Thrust Profles for Baseline 2 (black) 
and the ecoDemonstrator Procedure (magenta) 

Noise under the fight track for both procedures is shown in Figure 4-49 (a). The 

reduction in noise under the fight track when fying the ecoDemonstrator procedure 

compared to Baseline 2 is shown in Figure 4-49 (b). 
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Figure 4-49: Noise Levels Under the Flight Track for Baseline 2 and the ecoDemonstrator 
Procedure 

As shown in Figure 4-49, an approximately 6-10 dB reduction in L�,��� is observed 

between 27 and 17 nmi to touchdown when fying the continuous descent in the 

ecoDemonstrator procedure compared to the 3,800 ft level segment and subsequent thrust 

increase in Baseline 2. Additional reductions in noise are observed in this region due to 

the Flaps 1 and Flaps 5 release in Baseline 2. Between 15 and 7 nmi, an approximately 6 

dB noise reduction is observed due to the delayed fap deployment and idle thrust of the 

ecoDemonstrator procedure. This reduction occurs despite the fact that the aircraft levels 

of at a higher altitude in this region than in the ecoDemonstrator procedure. Finally, the 

steeper, 3.77∘ fnal descent glideslope of the ecoDemonstrator procedure results in an over 5 
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dB noise reduction compared to the 3∘ fnal descent glideslope of Baseline 2 between 3 nmi 

to touchdown. 

ecoDemonstrator Flights Summary 

The ecoDemonstrator fight of the delayed deceleration approach with a steeper 3.77∘ fnal 

descent was reported by the pilots to have no signifcant fyability issues. 

Subsequent noise modeling of the fight also showed there are noise benefts of various 

components of this procedure. Those noise benefts included the 6-10 dB noise noise 

reduction observed when fying a continuous descent versus level segments as seen when 

comparing both Baseline 1 and 2 to the ecoDemonstrator fight. The noise benefts included 

approximately 6 dB noise reductions due to delaying the deceleration and subsequent Flaps 

1 and 5 deployment. Additional noise reductions of approximately 5 dB were also observed 

due to the steeper, 3.77∘ fnal descent glideslope compared to the standard 3∘ fnal descent 

glideslope. 

The ecoDemonstrator fight also showed signifcant fuel burn reduction compared to the 

baselines. The total fuel burn as modeled in BADA 4 from 30 nmi to touchdown for each 

fight was: 

∙ ecoDemonstrator Flight: 810 lbs 

∙ Baseline 1: 1230 lbs 

∙ Baseline 2: 1780 lbs 

The results indicate that the ecoDemonstrator fight resulted in a fuel burn reduction 

of 420 lbs compared to Baseline 1 and 970 lbs compared to Baseline 2. 

These comparisons highlight the potential for signifcant community noise and fuel burn 

reductions through the implementation of continuous descents, delayed deceleration and 

confguration deployment, and steeper descents in approach procedure design. 
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4.5 Chapter 4 Conclusion 

The case studies of this chapter show that for modern aircraft on departure, changes 

in aircraft speed have minimal impact on the overall aircraft departure noise. Varying 

fap retraction and acceleration location was shown to result in minimal diferences in 

the departure profle and thus insignifcant diferences in noise. Furthermore, aircraft on 

departure operate at moderate to high thrust levels, and aircraft are cleanly confgured 

relatively early in departure procedure. Thus changing departure climb speed does not 

signifcantly impact overall departure noise. While changes in aircraft speed signifcantly 

impact the noise of the clean airframe, airframes have gotten cleaner and quieter over time 

and thus the engine noise still dominates. Modifcations to departure climb angle via changes 

in thrust have a signifcant impact on departure noise. For example, gaining altitude by 

performing a high thrust climb in the beginning of the departure before performing a thrust 

cutback was shown to yield higher noise close to the airport due to the higher initial thrust, 

followed by a reduction in the extent of the noise contour underneath the fight track for the 

later part of the procedure. The balance between climb gradient and thrust level means that 

one procedure may be more benefcial for some communities surrounding an airport than 

others. Because this procedure results in a redistribution of noise rather than a reduction 

in noise at all locations, the impacts on population exposure are dependent on location. 

However this example demonstrates the potential use of the framework to design an optimal 

departure procedure for minimum population exposure for a given airport and population 

distribution. 

The case studies of this chapter also show that for modern aircraft on arrival, changes in 

both descent angle and approach airspeed can have a signifcant impact on the overall aircraft 

noise. Maintaining a higher glidepath angle such as in continuous descent approaches or 

steeper approaches compared to approaches with level segments benefts noise with additional 

altitude gain but requires the presence of enough drag to perform the approach. Also, engine 

thrust on approach is often low and thus airframe noise components, such as fap and slat 

noise, have a more signifcant impact on approach than on departure. If aircraft decelerate 

early in an approach procedure, then faps and slats must be released. These devices are 
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shown to have a signifcant impact on approach noise. Thus, a delayed deceleration approach 

where the aircraft can maintain a faps and slats retracted confguration for as long as possible 

and also delay the need to increase thrust on approach is benefcial for noise. This procedure 

has the potential to reduce community noise but has implementation challenges, including the 

ability of pilots to know where to begin the deceleration for diferent aircraft weights and wind 

conditions and how air trafc controllers will sequence aircraft with diferent deceleration 

rates. These challenges require further study. 
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Chapter 5 

Framework for Analyzing 

Performance and Noise of 

Windmilling Drag and Hybrid 

Electric Aircraft 

In addition to conventional aircraft, certain advanced aircraft confgurations have community 

noise reduction potential. This is due to both potential to reduce the noise source levels of 

certain components and reduction of noise through performance of certain fight procedures 

made possible with advanced confgurations. In Chapter 2 the use of windmilling drag on 

approach by hybrid electric aircraft for community noise reduction was identifed as one such 

concept with the potential for noise reduction. Thus, hybrid electric aircraft concepts using 

windmilling engines on approach are shown as case studies of using the developed analysis 

framework to analyze noise of combined fight procedure and aircraft design level concepts. 

To analyze performance and community noise of advanced operational approach 

procedures for hybrid electric aircraft including windmilling drag, the framework introduced 

in Chapter 3 is modifed to include the necessary performance and noise analysis components, 

as shown in Figure 5-1. 

Because assessing noise reduction potential is the primary focus of this thesis, hybrid 
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electric aircraft performance within the Aircraft Performance Module is modeled using a 

retroft approach. Given a conventional aircraft with turbofan engines modeled in TASOPT, 

the aircraft is modeled with "retroftted" hybrid electric engines while maintaining the same 

airframe geometry and mission performance. The TASOPT engine core and propulsor area 

is resized to obtain the performance parameters for hybrid electric aircraft. More detail of 

this retroft process is described in section 5.1.1. 

Drag data for windmilling engines is obtained from blade element theory as described 

in section 5.1.2 and is coupled with BADA 4 drag polars to obtain the aircraft fight 

performance. 

In the Aircraft Noise Module, ANOPP’s normal turbofan source noise models are used 

given the performance of the retroft hybrid electric engines. For windmilling procedures, 

ANOPP’s gas generator source noise modules are combined with windmilling engine noise 

from external sources for the total aircraft noise prediction. Methods for the prediction of 

windmilling noise are discussed in section 5.2.1. 
MIT
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5.1 Aircraft Performance Model to Include 

Electrifed Engines 

5.1.1 Hybrid-Electric Aircraft Performance Model 

For turbofan engine performance modeling (including internal engine performance states, 

aircraft weight, engine diameter, and nacelle drag), the framework uses TASOPT and BADA 

4 respectively, which provide modeling capabilities for the engine states of turbofan-equipped 

aircraft. Alternative sources of engine state and drag information are required for modeling 

the geometry and performance of hybrid electric engines. 

Hybrid electric engines can be sized by either: 

1. Retroftting a turbofan aircraft with hybrid electric engines, maintaining the same 

airframe 

2. Sizing a new aircraft with hybrid electric engines from scratch given mission 

requirements 

Because assessing noise reduction potential is the primary focus of this thesis, hybrid 

electric aircraft performance is modeled using the retroft method. In the retroft method, 

aircraft sized in TASOPT has its engines modifed to be turboelectric, such as is shown in 

Figure 5-2, with the engines for both aircraft shown schematically in Figure 5-3. It should 

be noted that one approach to the new sizing method is to modify the aircraft and engine 

sizing routines in TASOPT to include the weight and performance expected with hybrid 

electric engines. 

Dragconventional Dragconventional
(a) (b) 

Figure 5-2: Aircraft Retroftting for (a) Standard Turbofan and (b) Turboelectric Fan 
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Figure 5-3: Power in and out defnitions for a (a) standard turbofan and (b) turboelectric 
fan 

In the retroft method implemented, the airframe of the aircraft sized in TASOPT is 

fxed and the engines are conceptually retroftted to be turboelectric in order to obtain 

a representative new aircraft total weight, drag, and engine area. It is assumed that for 

the conventional turbofan sized in TASOPT (Figure 5-3 (a)), the gas generator produces a 

core power � ��������,������������ which mechanically drives a propulsor. This propulsor then 

converts the � ��������,������������ into � �������,������������, based on the fan efciency, which 

then propels the aircraft in fight. Similarly, the power produced by the gas generator of a 

hybrid electric engine produces � ��������,ℎ����� which is then converted into � �������,ℎ����� 

by the propulsor(s). Unlike the conventional engine, the conversion from the core to output 

power is additionally reduced by the efciency of the electrical system ����� that is highlighted 

in Figure 5-3 (b), requiring a higher core power than in the conventional case. These electrical 

components and change in engine size also contribute to changes in weight of the aircraft, 

and thus changes in drag due to the additional induced drag from higher lift requirements 

and profle drag from changes in engine and nacelle size. 

Thus if the retroftted aircraft is sized to maintain the same mission velocity �∞, 

then � �������,ℎ����� = ����ℎ������∞ (assuming steady level fight) must increase relative 

to � �������,������������. The required � ��������,ℎ����� needed is thus increased by the relation 

given by equation 5.1. 

( )( ) 1 ����ℎ����� 
� ��������,ℎ����� = � ��������,������������ (5.1)

����� ���������������� 
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Equation 5.1 is the primary retroft equation and is implemented in a sizing loop 

described below to obtain the fnal sized components of the retroft aircraft. Knowing 

the required core power of the hybrid retroft aircraft enables the sizing of the electrical 

components and aircraft weight as well as the sizing of the retroft fan area. This sizing loop 

is a post-processing step applied to TASOPT outputs in order to obtain the retroft aircraft. 

Retroft Sizing Loop 

To perform a hybrid electric aircraft retroft given a conventional aircraft from TASOPT, 

the turboelectric engine from Figure 5-3 is assumed. A dump battery/resistor that would 

collect the residual power when windmilling was included in sizing. 

The overall efciency of the electrical system ����� is obtained considering the efciencies 

of the electrical system. For a gas generator supplying power to a generator which is then 

used to power N motors that power N fans, the power conversion from the core to the fan 

output can be obtained as: 

����,ℎ����� = ����������,ℎ����� = ����������������������������������������,ℎ����� (5.2) 

Engine thrust scales with the fan face area. Assuming drag equals thrust for steady 

level fight, the ratio of the required hybrid engine fan area and the conventional engine area 

is obtained as: 

����ℎ����������� ����ℎ�����(Δ� ���ℎ�ℎ�����������)= (5.3)
���������������������� ���������������� 

where Δ� ���ℎ�ℎ����������� represents the diference in weight between the hybrid engine 

and the conventional engine, given by: 
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Δ� ���ℎ�ℎ����������� ∼ Δ� ���ℎ�����(� ��������,ℎ�����) 

+Δ� ���ℎ����(����ℎ�����������) 

+Δ� ���ℎ��������(����ℎ�����������) 

+ � ���ℎ�����������������(� ��������,ℎ�����) (5.4) 

The weight and performance of the electrical components of electrifed engines, such 

as cables, generators, inverters, etc., denoted with † in Figure 5-4 are sized based on 

power density and efciency predictions depending on the assumed technology level. The 

technology level assumptions given by NASA as stated in Chapter 2 were used in this retroft 

analysis. Future self-cooled motors and generators for fight applications have been estimated 

by NASA to have a max continuous power in the 1-2.5 MW class and a power density of 

13-16 kW/kg and up to 99% efciency in the 2035 time frame [95]. Power converters in this 

time frame have also been predicted by NASA to be able to achieve 19 kW/kg power density 

for 1 MW of maximum power. Future Superconducting motors and generators have also 

been predicted to have maximum shaft powers up to 35 MW and approximately 30 kW/kg 

power density for applications in the 2050 time frame, along with similar power densities 

for converters [73], although with less certainty. The assumed technology level for each case 

study shown in Chapter 6 will be stated. 

The weight of the core, fan, and nacelles and nacelle drag are assumed to scale with 

updated mass fow rate requirements and fan diameter derived by Hall et al [87]. 

An initial guess for the mass fow rate diference between the conventional and retroftted 

aircraft (Δ �̇) provides an initial guess for the hybrid electric aircraft mass fow rates: 

�̇ ����,ℎ����� = Δ�̇ + �̇ ����,������������ (5.5) 

�̇ ����,ℎ����� = Δ�̇ + �̇ � ��,������������ (5.6) 

These mass fow rates and the power in the electrical system components provides the 

guessed increase in weight of the hybrid electric aircraft. The core, fan, and nacelle masses 
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as a function of core and fan mass fow rates are as follows, as implemented by Hall et al 

[87]: 

�� 
�����,ℎ����� = �����������( ˙ ����,ℎ����� = 45.6 (5.7)�1.2 ), ����� (��/�)1.2 

�� 
�1.2 = 1.3 (5.8)����,ℎ����� = �� �������( ˙ ���,ℎ�����), ���� (��/�)1.2 

��������,ℎ����� = �������������(�̇���,ℎ�����), �������� = 4.56 
�� (5.9)(��/�) 

The electrical system mass is obtained from the power to mass ratios of the electrical 

components for whichever technology level is assumed: 

�����������������,ℎ����� = �������� + ����������/( 
� 

����������)
���� 

� � + ���������/( ���������) + ����������/( ����������)
���� ���� 

+ ������ /( 
� 

������)) (5.10)
���� 

It was assumed that the excess power generated during windmilling could be extracted 

into a resistor or dump battery (The excess power generated during windmilling was 

outputted from blade element theory described in section 5.1.2). For sizing the retroft 

hybrid electric aircraft, the maximum power generated during windmilling was used to size 

a dump battery. The dump battery was assumed to have a battery specifc power (BSP), 

or maximum power available per unit mass, of 2,700 W/kg, as was implemented by Hall et 

al [87]. Thus the weight of the dump battery was determined by equation 5.11, assuming 

there is an additional rectifer to convert the AC power of the electric motor (now acting as 

a generator) into DC power for the battery: 

�������� = ������������ /��� + ������������/( � 
����������) (5.11)

���� 

Thus the hybrid electric aircraft weight is obtained, enabling fan area to be obtained 

from equation 5.3 given the conventional aircraft weight and fan area. 

Induced drag of the hybrid electric aircraft is also obtained from the expected lift 
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coefcient assuming the lift is equal to weight: 

� ���ℎ�ℎ����� 
�� = 1 (5.12) 

2 ��∞ 
2 ���� 

�� 
2 

��,� = (5.13)
���� 

The change in profle drag due to the change in nacelle size is obtained from the TASOPT 

nacelle sizing model [98]: 

�����ℎ�������,ℎ����� = 0.15������ ����,ℎ����� (5.14) 

�∞�����ℎ�������,ℎ����� 
���������,ℎ����� = 

� 
(5.15) 

0.074 
��,�������,ℎ����� = ; (5.16)

��0.2 
�������,ℎ����� 

������ �������,ℎ����� 
��,�������,�������,ℎ����� = �� 3 ��,�������,ℎ�����; (5.17)

���� ����� 

������ is the nacelle wetted-to-fow area ratio assumption and �� 3 is the ratio of the 
���� 

nacelle local velocity to the freestream velocity. 

The change in drag due to the hybrid electric system is used to obtain the ratio of drag 

between the hybrid electric aircraft and the conventional. This drag ratio, the electrical 

system power core to power out efciency from equation 5.2, and the conventional aircraft 

core power gives the core power for the hybrid electric aircraft. The updated fan and core 

mass fow rates, which scale with the fan area and core power respectively, are then obtained. 

These are then used to update the weights using equations 5.7, 5.8, 5.9, and 5.10. If the 

updated weights equal the initial guess weights, the hybrid aircraft is sized. If they are not 

equal, the process is repeated with updated Δ(̇�) guesses for the fan and core, as shown in 

Figure 5-4. 
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Figure 5-4: Retroft Hybrid Electric Aircraft Sizing Loop given Input � ��������,������������, 
����������������, ���������������� from TASOPT, Values Labeled with ♮ from Hall et al [87] 
and † from Technology Level Assumptions [95][73] 

Given � ��������,ℎ�����, the internal operating states of the retroftted aircraft required 

to obtain the noise of the turbo-generator components of the engine (jet and combustion) 

discussed in section 3.3.1 are obtained from the TASOPT-generated internal engine 

performance maps at the � ��������,ℎ����� operating conditions. 

5.1.2 Windmilling Engine Drag Model 

As discussed in section 3.2, because TASOPT does not incorporate confguration drag (faps, 

slats, and landing gear drag) modeling, BADA 4 is used to obtain confguration drag for 

existing aircraft. 

For fight profle modeling of hybrid electric aircraft, sources of weight and drag that 

are not included within the BADA 4 database are modeled separately. These include drag 

increase estimates of windmilling engines and potential weight diference estimates of hybrid 

electric engine components compared to traditional gas-turbine engines. For an initial 

estimate, BADA 4 drag polars are be used to model the drag of hybrid electric aircraft 

that have little changes in the external airframe compared to an existing aircraft to provide 
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a drag estimate when the aircraft is not windmilling. An estimate of windmilling drag is

then added for instances of windmilling during a flight procedure.

One method for estimating the drag of windmilling ducted fans is by employing actuator

disk theory. Actuator disk theory, also known as momentum theory, is a formulation for

modeling the thrust and power of airflow impinging on an ideal rotor, ducted or open, by

assuming the rotor face is an actuator disk that creates a discontinuity in the flow pressure

field [120]. The conservation of linear momentum relates the thrust (or drag) of an engine

as equal to the change in momentum of the airflow plus the change in exit pressure from

the free stream within the control volume. This is diagrammed in Figure 5-5 for a duct of

constant cross sectional area equal to the rotor disk area 𝐴𝑑𝑖𝑠𝑘.

V0

V0

VE

V0

ADisk

Drag

Control Volume

Figure 5-5: Actuator Disk Theory Diagram for a Simplified Ducted Fan

By assuming parallel streamlines and that the duct exit pressure is equal to the free

stream pressure, and the exit velocity is uniform, the drag on a ducted fan submersed in a

flow of velocity 𝑉0 is:

𝐷𝑟𝑎𝑔 = 𝑚̇(𝑉0 − 𝑉𝐸) (5.18)

where 𝑚̇ is the mass flow rate inside the fan that is the product of the air density, the

disk area, and the exit flow velocity:

𝑚̇ = 𝜌𝐴𝐷𝑖𝑠𝑘𝑉𝐸 (5.19)

The drag coefficient of the ducted fan with respect to the disk area can be solved as:
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( ) 
���� �������� �0 − �� ( �� 

( �� 
)2) 

��� �������,������������ = 1 = 1 = 2 − (5.20) 
2 ��0

2����� 2 ��0
2����� �0 �0 

Actuator disk theory thus shows that for a constant area duct, the maximum possible 

drag coefcient for this representation occurs when �� /�0 = 0.5 and is equal to 0.5. 

This method is used for preliminary analysis of fan drag based on fan face area �����, 

as applying requires simple inputs and does not require details about rotor blade geometry. 

However predictions of precise drag coefcients as functions of rotation rate of the rotor 

blades is not captured by this method. 

For more precise drag modeling, given fan face area and blade and duct geometry 

is obtained, windmilling drag as a function of RPM is modeled using blade-element/vortex 

theory methods in XROTOR [121]. Blade-element/vortex theory involves commuting thrust 

and torque of a rotor by dividing the blades into small radial segments, as shown in Figure 

5-6 (a) and integrating the forces imparted on the blades by the air at each segment, shown 

in Figure 5-6 (b). 
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Figure 3: Velocities seen by propeller blade section, producing a blade lift force L0

with thrust and torque components. The small profile drag force D0 parallel to W
is not shown for clarity. This D0 will reduce T 0 and increase Q0/r.

Computation of the overall thrust and torque involves integration of T 0 and Q0 radially along the
blade. For a propeller with B blades we then have

T = B

Z R

0
T 0 dr (18)

Q = B

Z R

0
(Q0/r) r dr (19)

Evaluation of these integrals requires detailed knowledge of the propeller geometry, so that ↵
and hence L0 can be computed at each radial location. Here we will only consider these forces
qualitatively, focusing on how they depend on the propeller operating parameters.

From Figure 3, it is apparent that the local airfoil angle of attack ↵ is the di↵erence between the
geometric blade pitch angle �, and the net flow angle �.

↵ = � � � (20)

' � � arctan


V +�V/2

⌦r

�
(21)

This can be more concisely written in terms of the advance ratio � as follows.

� ⌘ V

⌦R
(22)

↵ ' � � arctan


�

(r/R) ⌘ideal

�
(23)

Therefore, ↵ and the resulting blade lift, thrust, and torque all directly depend on �. Figure 4
shows a typical blade section on a propeller which is operating at a fixed rotation rate ⌦ and
three forward flight speeds, giving three advance ratios. Clearly, a small � produces a large ↵ and
large aerodynamic loads, and vice versa. The propwash increment �V/2 at the propeller tends to
partially o↵set some of this � influence, so that there is still some relative axial velocity through
the disk even in the static case.

The most concise way to describe the aerodynamic behavior of a propeller is via thrust and torque
coe�cients, much like a wing or airfoil forces are best described by CL and CD. However, the
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Figure 5-6: Blade Element Theory Diagram (a) and Force Vectors in a Blade Section Diagram 
(b), Figures from [122] 

This theory is used to model the drag, power, and losses associated with ducted rotors as 

functions of RPM and fight velocity and requires detailed blade geometry and performance, 
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including blade count, angle distribution, and chord distribution and the lift and drag polars 

of the blade airfoils. If this information is not available, QPROP and XROTOR can be used 

to frst design rotor geometries based on Minimum Induced Loss conditions and then be used 

to solve for the rotor of design performance. Results are sensitive the negative blade lift 

and drag coefcients that are expected during windmilling. 

Within the framework shown in Figure 5-1, blade-element theory with XROTOR is 

utilized because it enables modeling windmilling drag as a function of fan RPM and thus 

a model of controlled drag. After obtaining blade geometry and airfoil polars, windmilling 

drag is obtained by modeling the fan performance at high enough advance ratios Ω 
�
� , or low 

enough RPMs, that the resulting force on the blade sections have a negative direction. 

5.2 Component-Based Aircraft Noise Module with 

Windmilling Fan Noise 

The Component-Based Aircraft Noise Module is updated to include windmilling fan engine 

noise, shown in Figure 5-7. Gas generator source noise (core and jet) and fan source noise 

in normal operating conditions are modeled using ANOPP engine source noise models with 

the internal engine performance parameters from the retroft hybrid aircraft. For engines 

operating in windmilling conditions, fan noise is modeled with the method described in 

section 5.2.1 while gas generator source noise (core and jet) is modeled ANOPP engine source 

noise models assuming the internal engine performance states are at idle thrust conditions. 
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Figure 5-7: Component-Based Aircraft Noise Module, Including Windmilling Fan Noise 

5.2.1 Windmilling Fan Noise Modeling 

Noise sources that have not been previously included in the ANOPP model, such as fans in 

windmilling conditions, are added from an external method. The fan noise models within 

ANOPP are based on data correlations from engines operating near design conditions, 

suggesting that it is not an appropriate model for predicting noise of a windmilling fan. 

Instead, a model that enables fan noise modeling at the low RPMs typical of windmilling 

conditions is more appropriate, although may require a larger set of inputs. 

Fan noise can be decomposed into broadband noise components, produced by turbulence 

interactions, and discrete tone noise components, attributed to lift and pressure fuctuations 

on either the rotor or stator blades that are periodic in time. Broadband noise components 

are summarized as follows: 

∙ Rotor-Wake Stator Interaction noise, or noise generated by the interaction of stators 

with rotor wake turbulence created upstream [123], as represented in Figure 5-8. 
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Figure 5-8: Representation of Noise Generation by Rotor Wake Turbulence Interacting with 
Stator, Figure from [124] 

∙ Self-noise, or noise generated from the interaction of the turbulence in the blade 

boundary layer with the blade trailing edges [125], as represented in Figure 5-9. 

I. Introduction

Airfoil self-noise is due to the interaction be-
tween an airfoil blade and the turbulence produced
in its own boundary layer and near wake. It is
the total noise produced when an airfoil encounters
smooth nonturbulent inflow. Over the last decade,
research has been conducted at and supported by
NASA Langley Research Center to develop funda-
mental understanding, as well as prediction capabil-
ity, of the various self-noise mechanisms. The interest
has been motivated by its importance to broadband
helicopter rotor, wind turbine, and airframe noises.
The present paper is the cumulative result of a se-
ries of aerodynamic and acoustic wind tunnel tests
of airfoil sections, which has produced a comprehen-
sive data base. A correspondingly extensive semi-
empirical scaling effort has produced predictive
capability for five self-noise mechanisms.

1.1. Noise Sources and Background

Previous research efforts (prior to 1983) for the
broadband noise mechanisms are reviewed in some
detail by Brooks and Schlinker (ref. 1). In fig-
ure 1, the subsonic flow conditions for five self-noise
mechanisms of concern here are illustrated. At high
Reynolds number Rc (based on chord length), turbu-
lent boundary layers (TBL) develop over most of the
airfoil. Noise is produced as this turbulence passes
over the trailing edge (TE). At low Rc, largely lam-
inar boundary layers (LBL) develop, whose instabil-
ities result in vortex shedding (VS) and associated
noise from the TE. For nonzero angles of attack, the
flow can separate near the TE on the suction side of
the airfoil to produce TE noise due to the shed tur-
bulent vorticity. At very high angles of attack, the
'separated flow near the TE gives way to large-scale
separation (deep stall) causing the airfoil to radiate
low-frequency noise similar to t,hat of a bluff body in
flow. Another noise source is vortex shedding occur-
ring in the small separated flow region aft of a blunt
TE. The remaining source considered here is due to
the formation of the tip vortex, containing highly tur-
bulent flow, occurring near the tips of lifting blades
or wings.

1.1.1. Turbulent-Boundary-Layer-Trailing-Edge
(TBL TE) Noise

Using measured surface pressures, Brooks and
Hodgson (ref. 2) demonstrated that if sufficient infor-
mation is known about the TBL convecting surface
pressure field passing the TE, then TBL-TE noise
can be accurately predicted. Schlinker and Amiet
(ref. 3) employed a generalized empirical description
of surface pressure to predict measured noise. How-
ever, the lack of agreement for many cases indicated

2

_W Turbulent ..

ake

Turbulent-boundary-layermtrailing-edge
noise

_Laminar r- Vortex

undary layering

waves

Laminar-boundary-layer--vortex-shedding
noise

V Boundary-layer

Large-scale separation
(deep stall)

Separation-stall noase

_Blunt trailing edge
\

Trailing-edge-bluntness--vortex-shedding
noise

Tip vortex

Tip vortex formation noise

Figure 1. Flow conditions producing airfoil blade self-noise.

Figure 5-9: Blade Self Noise Representation, Figure from [126] 

∙ Tip/hub noise, or noise generated by the additional interaction of the turbulent fow 

around the blades with the duct boundary layer and fan hub [125], as represented in 

Figure 5-10. 
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Figure 5-10: Representation of Duct Boundary Layer Interaction with Turbulence at Blade 
Tip, Figure from [125] 

∙ Stalling blade noise. Because blades of rotors operating at the low RPMs typical 

of windmilling conditions may operate at very negative angles of attack, a noise 

mechanism that may be signifcant in windmilling fans is noise produced by the 

turbulence due to stalling blades [126], as represented in Figure 5-11. 
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Figure 5-11: Representation of Stalling Blade Noise Mechanism, Figure from [126] 

The methods for modeling each of these components in this framework are listed below. 

For this method, broadband fan noise is modeled using the NASA Broadband Fan 

Noise Prediction System (BFaNS) [127], shown in Figure 5-12. 
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Figure 5-12: Broadband Fan Noise Components from BFANS used for Modeling Windmilling
Fan Noise in Framework

BFaNS incorporates the expression by Hanson [124] for relating generated noise to inflow

turbulence characteristics impinging on the rotor or stator and is dependent on the flow field

and geometry characteristics. This theory is used to model tip/hub noise and rotor wake

stator interaction noise. BFaNS also incorporates the method by Glegg [126] in order to

model the broadband noise generated when boundary-layer turbulence convects past rotor

and stator trailing edges. Thus BFANS is used in modeling broadband tip/hub noise, rotor

self noise, and rotor wake stator interaction noise components in this framework. These

models require detailed geometry of the blades, vanes, hub, and duct as well as the flow field

characteristics and are divided as follows:

∙ Rotor/stator turbulence interaction noise and tip/hub turbulent wake

interaction noise: the noise produced by the turbulent wakes produced by the rotor

impacting the flow field of the stator is modeled assuming a random upwash from the

rotor wakes impinges on the stator vanes. The noise produced by the contributing

turbulence due to the duct and hub boundary layer on the rotor blades and stator

vanes is modeled similarly. In BFANS, Glegg’s harmonic cascade theory for the noise

response of incoming gusts on a cascade [128] is used with an update by Hanson [124]

to account for the effects of lean and sweep in the blade geometry.

The blade and stator geometry is required for this method, including the blade twist
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distribution, chord, span, number of blades, rotor-stator spacing, and duct geometry. 

The fow velocity triangles and pressure at the leading and trailing edges of the rotor 

blades and stator vanes is also required for this method. 

The fow turbulence (defned by turbulent velocity and length scales) impacting the 

blades/vanes, divided into turbulent bands along the blade/vane radii, is also required 

for this method. The methodology for obtaining the turbulence characteristics in the 

rotor wake and duct boundary layer are as follows: 

– Rotor Wake: In BFANS, the turbulence in the rotor wake impinging on the stator 

vanes is based on the correlations by Wygnanski et al [129], where the wake 

velocity defect Δ� , wake thickness ��, and wake turbulence � ′ � ′ are given by 

equations 5.21, 5.22, 5.23: 

Δ� = 

⎯⎸⎸⎷( ) 
�0|�⃗ |2�2 

� − �1�2 
(5.21) 

√ 
�� = 2 �2

2�2(� − �1�2) (5.22) 

� ′ � ′ = �3(Δ� )2 (5.23) 

In BFANS, the constants in these equations correspond to a symmetric airfoil. 

� is the streamwise distance downstream from the rotor trailing edges. �
� 
2 is the 

momentum thickness, derived from cascade data from [130], and is a function of 

the dimensionless UR Lieblein difusion factor �� given by equation 5.24: 

�2 = 0.006 + 0.0002�7.5�� −1 (5.24)
� 

The turbulent length scale Λ of the wake is assumed proportional to the wake 

thickness �� as: 

Λ = ���, � = 0.68 (5.25) 
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which is based on the methodology by Glegg [123], who used a Von Karman type 

turbulence spectrum. 

– Duct Boundary Layer: for modeling the tip/hub boundary layer interaction noise 

in BFANS, the duct and hub is assumed to have a turbulent fat plate boundary 

layer, and thus the boundary layer is assumed to be given by equation 5.26: 

� = 0.37��� 
− 5

1 

(5.26) 

where the Reynolds number �� is given by: 

�∞� 
�� = (5.27)

� 

where L is measured at the start of the duct and hub tip. The average turbulence 

intensity in the fat plate boundary layer is assumed to be 5% of the free-stream 

velocity based on turbulence profles given in [131]. 

The turbulent length scale Λ of the boundary layer is assumed proportional to 

the boundary layer thickness � as: 

Λ = ��, � = 0.62 (5.28) 

which is based on the methodology by Glegg [123], who used a Von Karman type 

turbulence spectrum. 

∙ Self-noise: rotor trailing edge boundary layer interaction noise is modeled based on 

an experimental database of isolated NACA 0012 airfoils [126]. This database is used 

to estimate the generated noise spectrum for a given airfoil based on Mach number, 

Reynolds Number, and angle of attack. The noise generated was shown to scale with 

the boundary layer thickness and velocity to the ffth power. For blades in a cascade, 

the self-noise component also includes the turbulent fow noise generated by more than 

one trailing edge. Thus a correction by Glegg [132] to account for the superposition of 

adjacent blades is also applied. 

Regarding stalling blade noise; the models above do not provide methods for 
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modeling stalling blades. In lieu of this limitation, the literature gives an estimate of the 

approximate noise contribution magnitude from stalling blades. Several sources indicate 

from measurement that stalling blades may result in approximately an additional 10 dB to 

the total rotor noise [68] [126] [133]. 

Discrete tone noise of turbofans is attributed to lift fuctuations on either the rotor 

or stator blades that are periodic in time. The lift fuctuations generally originate from 

static pressure feld modulations when a rotor chops an incoming wake or, as diagrammed 

in Figure 5-13, when the wakes and associating velocity and pressure fuctuations from 

the rotor impinge on the stator blades [36]. These pressure fuctuations form spinning 

pressure patterns, or duct modes, which either propagate to the far feld or are coupled 

with destructive phase and amplitude matching from other modes and thus decay in the 

duct [134]. The aggregate of modes that propagate to the far feld form the far-feld tone 

noise. As argued in section 5.4.3, the impacts of tone noise for windmilling fans is expected 

to be negligible compared to the broadband noise components and thus only the broadband 

component of windmilling fan noise is considered in this thesis. 
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far below the measured levels of discrete noise from the single configuration. Even if the 
discrete noise generated by the rotor were due to a propeller noise mechanism, the data 
obtained to date is insufficient to show whether the presence of the ducting enhances the 
noise generation by creating a better impedance match or by producing larger aero- 
dynamic forces. 

It is assumed in propeller noise theory that the force on the rotating blade is steady- 
the fluctuations being felt at a point fixed in space. In a fan however, it is possible for 
additional periodically fluctuating aerodynamic forces to be set up on the blade itself. 
A particular example of this has been discussed in section (3. I. I) above where it was found 
that broad band noise could arise from turbulence in the airstream ahead of the blade. 
For that case the spectrum was that of broad band noise because the excitation was random. 
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Figure g. Effect of stator on flow into rotor. 

If, however, the blade passes through a periodically varying velocity field, then the lift 
fluctuations and hence the noise will also be periodic. This situation can arise in fans where 
the rotor is operating in the vicinity of some solid obstacle in the flow, for example an 
upstream bearing support strut or, perhaps more generally, a row of stators or inlet guide 
vanes. This is shown diagrammatically in Figure 9(a) for the case of a rotor blade moving 
behind a row of stators. The absolute velocity of the air leaving the stator row will vary 
periodically across a plane parallel to the row, due to the potential flow field of the stator 
cascade and to the wakes of individual blades. The effect on the rotor blade is to change the 
incidence by an amount of order (SP’,J V,) sir@, as shown in the inlet velocity triangle of 
Figure 9(b). In many designs the angle /3 between the absolute velocity and the relative 
velocity is nearly 9o”. A similar situation arises at a downstream stator blade due to 
variations in the velocity field relative to the rotor row. 

Accepting then that there are two possible sources of discrete frequency noise in fans, 
one of the propeller noise type due to the pressure field which moves with the rotor blades 
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Figure 5-13: Efect of Rotor Flow on Stator, Figure adapted from [135] 

Windmilling Fan Noise Modeling Inputs 

Noise modeling of the windmilling fan components requires the blade, rotor, and duct 

geometry as well as the axial, radial, and tangential velocity components and pressures at 
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the leading and trailing edges of the rotors and stators. Given geometry of an existing ducted

fan or one designed in XROTOR, as well as the operating RPM for the desired windmilling

drag from XROTOR, the Ducted Fan Design Code (DFDC) [136] is used to obtain the flow

field properties. These flow field properties, along with the duct and blade geometries of the

fan, become the inputs into the broadband fan noise model, as diagrammed in Figure 5-14.

Ducted Fan Design 
Code (DFDC)

XROTORAssumed 
Blade/Vane & Duct 

Geometry

RPM for Desired 
Windmilling 

Drag

NASA Broadband Fan Noise Prediction System (BFANS)

Windmilling Fan Broadband Noise

Flow velocities, pressures along channel 

Tools
Inputs/Outputs

Figure 5-14: Flow Chart for Modeling Windmilling Fan Noise

In the DFDC method shown in Figure 5-15, induced velocities in the duct associated

with the loading of the rotor blades are represented by vortex sheets of strength 𝛾 shed into

the flow field. Loading and profile drag/viscous loss characteristics of the blade rows are

determined with blade element theory. The viscous losses in the duct are represented by

source sheets with the source strength 𝜎 obtained from the drag of the blades. These loading

and loss effects are used in determining the flow fields in the duct.
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Equation (41) can be used in two ways to determine the vortex sheet strength from a specified Γ̃
and H̃ field. If Vm2 is known, we can determine Vm1 from (41), and the sheet strength then follows.

γ = Vm2 − Vm1 (42)

Equations (41) and (42) can be marched radially inward at one streamwise location. The march is
started just outside the outermost sheet, where Vm2 is known (e.g. Vm ≃ V∞). For each sheet, Vm1

and γ are computed. This Vm1 is then also assumed to equal the Vm2 value for next inside sheet.
In effect, the Vm velocity profile is assumed to be constant between vortex sheets.

If instead the sheet Vmavg is known, equation (41) can be recast as an explicit expression for γ.

Vmavg =
1

2
(Vm1 + Vm2) (43)

V 2
m2

− V 2
m1

= 2Vmavg γ (44)

γ =
1

Vmavg

[
−1

2

(
1

2πr

)2(
Γ̃2
2 − Γ̃2

1

)
+ H̃2 − H̃1

]
(45)

8 Vortex Sheet Discretization

The induced velocity v⃗ is the result of the duct and center bodies, the trailing vorticity, and viscous
displacement effects. The effect of the bodies is represented by tangential vortex sheets of strength
γ̄ placed on the body surfaces (the θ subscript on γ is omitted for convenience). The effect of
the trailing vorticity is represented by the tangential and meridional vortex sheets of strengths γ
and γm, as shown in Figure 4. Viscous displacement is represented by source sheets of strength σ.
Figure 8 shows the various sheets on the geometry.
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Figure 8: Vortex sheets used to represent meridional velocity V⃗m.

The continuous sheet strengths will now be approximated via discrete panel-node values γ̄i, γi, and
σi. The induced velocity components at any location i are then given via influence matrices.

vxi = āxij γ̄j + axijγj + bxijσj (46)

vri = ārij γ̄j + arijγj + brijσj (47)

9

Figure 5-15: Ducted Fan Design Code method, Figure from [136] 

Finally, total pressure �� at any point in the duct is assumed equal to the freestream 

total pressure ��∞ plus any work and loss contributions �̃ and �̃ across the rotor or stator 

row and are obtained from equation 5.29: 

( ) 
�� = ��∞ + � �̃ − �̃ (5.29) 

where �̃ is the cumulative enthalpy jump across disks given as a function of the rotation 

rate Ω and number of blades B by: 

Ω�Γ ∑ 
Δ����� = , �̃ = Δ����� (5.30)2� 

and �̃ is the cumulative entropy jump across disks given as a function of the mean 

velocity out the rotor V and friction drag �� of the disk by: 

˜Δ����� = 2
1 

� 2�� , � = 
∑ 
Δ����� (5.31) 
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5.3 Validation of Windmilling Engine Drag 

Coefcients 

To determine the validity of Windmilling fan drag obtained when using the framework 

described in section 5.2.1, drag results were modeled for a representative CFM56-7B turbofan 

engine used on Boeing 737-800 aircraft and were compared with actuator disk theory and 

existing windmilling drag data. 

To model the drag of the example fan with blade element theory in XROTOR, 

representative fan blade geometry was obtained by measuring the blades of an available 

CFM56-3 engine, pictured in 5-16. Engine thrust and drag values are expected to vary with 

the blade chord/blade radius and blade angle with radial location and therefore the modeled 

performance obtained from this geometry are compared to CFM56-7B engine performance 

and existing windmilling drag data for validation. 

Figure 5-16: CFM56-3 Engine 

The blade count was adjusted to the blade count of a CFM56-7B engine as was provided 
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in Janes [100]. Fan diameter was also scaled to represent the CFM56-7B engine diameter 

while maintaining constant blade chord/blade radius and blade angle with radial location. 

NACA 0012 airfoils were assumed, to be consistent the airfoils used for the development 

of the BFANS rotor self noise model. Finally, the blade angle distribution was adjusted in 

XROTOR such that, at an RPM of 3,000 and at a standard approach velocity of V��� + 10 

knots, a thrust of 5,000 lbs per engine was obtained. This operating condition corresponds 

to a standard fnal approach operating condition, with the RPM corresponding to this thrust 

and velocity obtained from the TASOPT engine state tables for this engine. 

The fnal blade geometry is shown in Table 5.1. 

Table 5.1: CFM56 Blade Geometry used in Blade Element Theory Model 

Radial Location/Fan Radius Blade Chord/Fan Radius Blade Angle (∘) 
0.41 0.15 60.0 
0.48 0.15 56.6 
0.56 0.17 52.4 
0.65 0.17 48.4 
0.74 0.18 44.4 
0.83 0.19 41.1 
0.90 0.19 38.4 
0.95 0.20 36.1 
0.99 0.21 34.8 
1.00 0.21 34.1 

For the representative windmilling operating condition, RPM was slowed until the rotor 

tip approached the maximum lift coefcient for this airfoil, or just before stall. This was 

chosen as the minimum RPM criteria because as mentioned in section 5.2.1, stalling blades 

have the potential to incur up to 10 dB of additional fan noise, which is undesirable. This 

criteria set the RPM for the maximum windmilling drag to be just before blade stall. 

XROTOR outputs for this representative windmilling case are shown in Figure 5-17. 
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 ===========================================================================
 Ducted Potential Formulation Solution:  Arbitrary blade                 
 Vdisk/Vslip:    1.00000                         Wake adv. ratio:    2.35304
 no. blades : 24            radius(m)  :   0.8750     adv. ratio:     2.80113
 thrust(N)  : -0.439E+04    power(W)   : -0.139E+06   torque(N-m): -0.443E+04
 Efficiency :  2.4337       speed(m/s) :   77.000     rpm        :    300.000
 Eff induced:  2.3838       Eff ideal  :   1.1729     Tcoef      :    -0.5027
 Tnacel(N)  :   372.1613    hub rad.(m):   0.3400     disp. rad. :    0.3400
 Tvisc(N)   :   -63.2343    Pvisc(W)   :   863.    
 rho(kg/m3) :   1.22600     Vsound(m/s):  340.000     mu(kg/m-s) : 0.1780E-04
 ---------------------------------------------------------------------------
 Sigma:    1.40328
                Ct:  -15.28635     Cp:  -55.27475    J:    8.80000
                Tc:   -0.50266     Pc:   -0.20655  adv:    2.80113

  i  r/R   c/R  beta(deg)  CL     Cd    REx10^3 Mach   effi  effp  na.u/U
  1 0.390 0.1503  60.08 -0.754   0.0093 695.07  0.226  2.946 1.034   0.000
  3 0.407 0.1477  59.17 -0.782   0.0095 682.86  0.226  2.911 1.033   0.000
  5 0.445 0.1484  57.71 -0.839   0.0097 684.80  0.225  2.791 1.030   0.000
  7 0.496 0.1555  55.21 -0.914   0.0098 716.06  0.225  2.711 1.027   0.000
  9 0.555 0.1663  52.44 -0.986   0.0099 764.68  0.224  2.637 1.024   0.000
 11 0.619 0.1701  49.78 -1.090   0.0103 780.89  0.224  2.531 1.022   0.000
 13 0.682 0.1720  47.05 -1.204   0.0109 788.43  0.224  2.442 1.020   0.000
 15 0.744 0.1826  44.39 -1.260   0.0109 836.81  0.224  2.411 1.019   0.000
 17 0.801 0.1901  41.96 -1.316   0.0111 871.50  0.224  2.382 1.018   0.000
 19 0.853 0.1899  40.24 -1.392   0.0116 871.08  0.224  2.303 1.017   0.000
 21 0.898 0.1939  38.45 -1.431   0.0119 890.51  0.224  2.273 1.017   0.000
 23 0.936 0.2011  36.74 -1.438   0.0118 924.67  0.224  2.289 1.017   0.000
 25 0.965 0.2060  35.55 -1.440   0.0117 948.22  0.225  2.299 1.017   0.000
 27 0.986 0.2085  34.78 -1.438   0.0116 960.93  0.225  2.305 1.016   0.000
 29 0.997 0.2096  34.28 -1.435   0.0115 966.63  0.225  2.315 1.016   0.000
 

Blade tip CL before stall

Windmilling
RPM before 
tip stall

Maximum 
windmilling 
drag

Figure 5-17: XROTOR Outputs for Modeled CFM56-7B-Size Engine at the Maximum 
Windmilling Drag Operating Condition 

XROTOR results shown in Figure 5-17 indicate that the maximum windmilling drag 

for this engine is about 4390 Newtons/engine, or 986 lbs/engine and a drag coefcient of 

0.5 with respect to area of the engine face. This is consistent with actuator disk theory, 

which predicts a maximum drag coefcient of 0.5 with respect to area of the engine face, as 

discussed in section 5.1.2. 

Additionally, the XROTOR prediction of a drag coefcient of 0.5 with respect to area of 

the engine face was compared to existing data of windmilling engines shown in fgures 5-18 

(a) and (b), taken from Gas Turbine Performance, 2nd Ed [137]. Figure 5-18 (a) shows drag 

coefcients for windmilling engines versus takeof specifc thrust of turbofan and turbojet 

engines, while 5-18 (b) shows empirically derived additional drag coefcient due to fight 

mach number versus takeof specifc thrust. The total drag coefcient is the sum of these 

two components. 
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(a) Theoretical Drag Coefcient (b) Efect of Mach number 

Figure 5-18: Turbojet and Turbofan Windmilling: Internal Drag Coefcient versus Specifc 
Thrust and Mach Number; Figures from Gas Turbine Performance, 2nd Ed [137] 

For a Boeing 737-800 with CFM56-7B engines, TASOPT engine state tables indicate a 

specifc thrust of approximately 250 Ns/kg. At this specifc thrust and at V��� + 10 knots 

for an approach condition, Figures 5-18 (a) and (b) predict a theoretical and delta drag 

coefcient of approximately 0.33 and 0.21 respectively, or a total drag coefcient of 0.54. 

The XROTOR prediction is close to this data, albeit more conservative. 

5.4 Validation of Fan Noise Model Adapted for 

Windmilling 

To determine the validity of using the fan noise model described in section 5.2.1 for modeling 

windmilling fan noise, results were obtained from the model for the CFM56-7B-sized engine 

described in section 5.3 and were compared with available data at both standard approach 

and windmilling operating conditions. 

5.4.1 Broadband Fan Noise Model Compared to ANOPP Fan 

Noise Module at Standard Approach Operating Conditions 

Results obtained with the ANOPP fan noise module at various standard approach operating 

conditions were obtained and are compared to the framework fan model for windmilling 

169 



engines. 

As input for the BFANS noise model, the fow velocities at the rotor and stator 

leading and trailing edges were obtained using DFDC as described in section 5.2.1. The 

representative duct and hub airfoil shape coordinates were based on available duct and 

hub airfoil coordinates from a NASA TN-3122 test report [138]. The duct and hub airfoil 

coordinates were scaled such that their thickness-to-fan diameter ratios, as well as the axial 

location of the rotor and stator vanes along the channel, were that of the nacelle geometry 

of the CFM56-7B as obtained in Janes [100]. The fnal geometry is shown in Figure 5-19. 

Figure 5-19: Assumed Duct and Hub Geometry used in DFDC to Obtain CFM56-7B Flow 
Velocities at the Rotor/Stator Leading and Trailing Edges 

Broadband fan noise was obtained for four approach thrust conditions that correspond 

to the fan RPMs shown in Table 5.2 at a fight velocity of V��� + 10 knots, based on 

the TASOPT engine state tables for the CFM56-7B engine. Overfight noise for a single 

engine was obtained with both ANOPP and the BFANS noise model at these RPMs and 

fight velocity at a simulated 120 m altitude observer. Table 5.2 also lists the ��,� �� noise 

outputs from both models. 

Table 5.2: Overfight Noise Outputs of ANOPP and BFANS for a Representative CFM56-7B 
Engine at Altitude 120m 

Fan Operating Condition ANOPP Fan Noise Outputs BFANS Fan Noise Outputs 
Thrust/engine (lbs) RPM Broadband (��,��� ) Broadband (��,��� ) 

500 1600 67.70 68.05 
1000 1900 71.04 71.52 
3000 2500 77.90 78.03 
5000 3000 81.66 81.31 

170 



Results from both models agree with each other at these operating conditions to within 

0.5 dB or less, indicating consistency for modeling broadband fan approach noise between 

these two models. 

5.4.2 Fan Noise Model Compared to Existing Data at 

Windmilling Conditions 

Results obtained with the framework fan noise model was also compared with existing 

data to verify noise levels obtained on the component level and for noise levels obtained 

in windmilling conditions. 

Existing fan noise data at the component level available in the literature is compared 

with component level noise obtained from the BFANS model for the representative 

CFM56-7B engine. The existing data is component level noise data obtained from a series 

of tests to examine the broadband fan noise of a Boeing 18 in fan rig, conducted in the 

Boeing Low-Speed Aeroacoustics Facility (LSAF) [71]. While the geometry of the Boeing 18 

in fan is diferent from the representative CFM56-7B engine and thus the total noise levels 

are expected to be diferent, the data can be used to show the various noise component 

magnitudes relative to each other. Figure 5-20 shows an example comparison of component 

levels both from the Boeing test data in (a) and for the modeled representative CFM56-7B 

engine in (b). The conditions shown in the Boeing test data are for 55 percent RPM and 

the conditions modeled for the representative CFM56-7B engine were 60 percent RPM and 

a fight velocity of V��� + 10 knots. 
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Figure 5-20: Fan Noise Component Breakdown Comparison between Boeing 18 in Fan Noise 
Data and Modeled CFM56-7B Engine; Figure (a) from [71] 

The noise component data shown in the Boeing test data of Figure 5-20 (a) was broken 

into rotor self noise, rotor tip boundary layer noise, and net stator noise, which includes 

the stator interaction with the rotor wake. It was speculated in the Boeing 18 in fan test 

report [71] that the rise in the rotor and total noise at low frequencies was due to residual 

noise from the test rig. For frequencies above 5 kHz, where the low-frequency noise foor was 

not signifcant, some key takeaways from the data in Figure 5-20 (a) are that the noise is 

dominated by the stator interaction noise with the rotor wake followed by the rotor self noise 

and tip boundary layer noise, and that the boundary layer noise oscillates with frequency. 

The modeled representative CFM56-7B shown Figure 5-20 (b) also shows the dominant 

noise component is the rotor stator interaction noise, which is consistent with the Boeing 

18 in fan data and a main driver of the total noise results. The spectral oscillations in the 

tip boundary layer noise are not present in the modeled results. It is shown in [139] that 

these spectral oscillations in the tip boundary layer interaction noise occur as a result of 

the turbulence in the duct boundary layer being anisotropic. The framework model assumes 

isotropic turbulence, and thus this efect is not refected in the fan broadband noise results. 

The data from the Boeing 18 in fan test is also used to examine expected windmilling 

fan noise magnitude compared to standard approach operating conditions. Figure 5-21 

(a) contains noise measurements of the engine at various operating conditions, including a 

windmilling operating condition compared to a 55 percent fan speed operating condition. As 
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a comparison, Figure 5-21 (b) shows the component noise breakdown of the representative 

CFM56-7B engine operating at the windmilling condition of 300 RPM derived in section 5.3, 

overlaid on the total noise obtained during the 3,000 RPM operating condition. 
MIT
ICAT Windmilling Fan
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Fig. 2. SPL Measurements of LSAF Noise Floor at a 2.74m sideline, 2.74m downstream from
the Nozzle Exit Plane.  (Fan-rig data is corrected for bandwidth and distance.)
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Figure 5-21: Comparison of Fan Noise During an Approach Condition versus Windmilling 
for Boeing 18 in Fan Noise Data and Modeled CFM56-7B engine; Figure (a) from [71] 

While the fan geometry and operating conditions are not equivalent between these 

two cases, the data and modeled results shown in Figures 5-21 (a) and (b) indicate that 

windmilling fan broadband noise is approximately 20 dB below fan noise at standard 

approach conditions across the spectra. This is despite the diferences in geometry in 

these cases. The diference in noise level between the modeled representative CFM56-7B at 

windmilling conditions and standard approach conditions is similar to the diference in noise 

level between the measured Boeing 18 in fan noise at windmilling and standard approach 

conditions. 

5.4.3 Windmilling Fan Tone Noise 

The impacts of tone noise for windmilling fans is expected to be negligible compared to the 

windmilling fan broadband components. To demonstrate this, the ANOPP fan noise module 

was used to model expected tone noise at the standard approach operating conditions from 

Table 5.2. The model included assumed fan tone noise liner treatment using fan inlet and fan 

exhaust suppression models based on four commercial engine databases [140]. The ANOPP 

broadband and tone noise results for these conditions are shown in Table 5.3. 
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Table 5.3: Broadband versus Tone Overfight Noise Outputs of ANOPP for a Representative 
CFM56-7B Engine at Altitude 120m 

Fan Operating Condition ANOPP Fan Noise Outputs 
Thrust/engine (lbs) RPM Broadband (��,���) Tonal (��,���) 

500 1600 67.70 57.41 
1000 1900 71.04 60.71 
3000 2500 77.90 67.82 
5000 3000 81.66 71.66 

The results in Table 5.3 show the fan tone noise is on average approximately 10 dB below 

the broadband noise on approach. Besides liner treatment, including lean and sweep in stator 

vane design has also been referenced as strategies to mitigate rotor stator interaction tones 

by increasing the variation in the phase of the rotor wakes interacting with the stators, thus 

causing more mode cancellation and fewer tones propagating to the far feld [124][141]. These 

are thus potential design considerations that can be implemented to mitigate rotor-stator 

interaction tones. Thus, only broadband noise is modeled for windmilling fans in the 

remaining analyses. 
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Chapter 6 

Case Studies of Advanced Operational 

Flight Procedures Performed by 

Hybrid Electric Aircraft with 

Windmilling Engine Drag 

In this chapter, the framework presented in Chapter 5 is used to evaluate the approach noise 

impact of utilizing windmilling drag on approach by a representative hybrid electric aircraft. 

The representative hybrid electric aircraft is the Boeing 737-800 retroftted for turboelectric 

engines. 

The windmilling drag can be used to increase both the descent angle and deceleration 

rate during approach procedures. Both of these have been shown in Chapter 4 to reduce 

approach noise and the addition of windmilling drag enables fying these procedures in 

performance regimes beyond that of standard gas turbine aircraft. Thus to show the 

potential benefts of windmilling drag when applied to advanced approach procedures, the 

noise impacts are shown for the following three case studies: 

∙ A steeper Approach with Windmilling Drag 

∙ A Delayed Deceleration Approach with Windmilling Drag 
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∙ A Combined Delayed Deceleration Steeper Approach with Windmilling Drag 

For each of these case studies, the hybrid electric aircraft utilizing windmilling drag 

is compared to a Boeing 737-800 performing a standard 3∘ continuous descent approach 

procedure with a standard deceleration rate. 

6.1 Hybrid Electric Engine Retroft Sizing Results 

Given the framework for analyzing community noise impacts of advanced operational fight 

procedures described in Chapter 5, the use of windmilling drag on approach by hybrid electric 

aircraft for community noise reduction is analyzed. Hybrid electric aircraft example impacts 

is examined against performance of conventional turbofan aircraft. 

For this thesis, the Boeing 737-800 aircraft with CFM56-7B engines is the aircraft for 

which its performance and noise impacts are the basis for comparison. The initial conditions, 

or characteristics of this aircraft that are relevant to the retroft process, were assumed to 

be the conditions at takeof obtained from TASOPT, which are: 

�̇ ����,������������ = 51 ��/� (at takeof) 

�̇ ���,������������ = 223 ��/� (at takeof) 

Weight� ��,������������ = 1, 035 ���/������ 

Weight����,������������ = 4, 500 ���/������ 

Weight�������,������������ = 1, 360 ���/������ 

Weight�������,������������ = 171, 660 ��� 

Diameter���,������������ = 63 ��/������ 

C�,� ����� �,������������ = 0.0731 

Velocity� ������ = 176 ����� 

Power����,� ������,������������ = 10, 250 ��/������ (at takeof) 

Given these initial conditions, two retroft hybrid electric aircraft were sized with the 

process given in Figure 5-4 using the self-cooled, 2035 timeframe technology level and 

superconducting, 2050 timeframe technology level introduced in Chapter 2 and summarized 

in Table 6.1. The maximum continuous motor output power available for the takeof 
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condition and the power density and efciencies for the generator, motor, rectifer, and 

inverters are indicated. 

Table 6.1: Hybrid Retroft Technology Level Assumptions 

Current State Self-Cooled Prediction Superconducting+Refrigeration 
of the Art (2035 Timeframe) Prediction (2050 Timeframe) 

Max Continuous Power���/� ���� (MW) 0.2 2.5 35 (predicted) 
Power Density���/����� (kW/kg) 2 13-16 ∼30 
Power Density���/���� (kW/kg) 2.2 19 ∼30 
����/����� 0.95 0.99 0.99 
����/���� 0.95 0.99 0.99 

For both cases, the engine confguration was assumed to be turboelectric with one 

gas generator core per wing supplying power to an electric generator which would supply 

electrical power to respective motors. The number of motors (and subsequently, the number 

of fans) for each case was determined to be the smallest number motors needed to produce 

the approximately 20 MW of total output power required on takeof and constrained by 

the maximum continuous motor power available at the expected technology levels. For 

the self-cooled, 2035 timeframe, the retroft aircraft was thus selected to have a minimum 

of 10 distributed total motors/fans, each producing 2MW of maximum power to meet the 

requirements with margin. For the superconducting, 2050 timeframe, the power requirements 

could be met with two motors, one for each wing. 

It was assumed that the excess power generated during windmilling could be extracted 

into a resistor or dump battery. For sizing the retroft hybrid electric aircraft, the maximum 

power generated during windmilling, which was outputted from XROTOR, was used to size 

a dump battery. The dump battery was assumed to have a battery specifc power (BSP), or 

maximum power available per unit mass, of 2,700 W/kg, as was implemented by Hall et al 

[87]. This value was determined by fxing the ratio of battery specifc energy (BSE) to BSP 

at the value for NASA’s X-57 Maxwell batteries [142] and assuming the BSE of Li-S battery 

chemistry of 900 Wh/kg, as was implemented by Hall et al [87]. 

The details of the converged, retroftted, hybrid electric aircraft, compared to the 

conventional aircraft are given in Table 6.2. Additional details about the weight assumptions 

of the resized components, as well as the assumption for the increase in drag, were given in 

section 5.1.1. 
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Table 6.2: Boeing 737-800 Retroft Results Assuming Maintained Mission Range and 
Velocity, Airframe Geometry, at Diferent Technology Levels 

B738 Conventional B738 “Turbo Electric” Retroft B738 “Turbo Electric” Retroft 
Turbofan Aircraft 2MW Self-Cooled Motors 10MW Superconducting Motors 

MTOW (lbs) 171,660 189,000 180,600 
# Cores (total) 2 2 2 
# Fans (total) 2 10 2 
Fan Diameter (in) 63 30.2 65.4 
C�,� ������ 0.0731 0.0843 0.0788 
Weight� �� (lbs/wing) 1,035 880 1,100 
Weight���� (lbs/wing) 4,500 5,500 5,110 
Weight�������� (lbs/wing) 1,360 1,500 1,400 
Weight����� (lbs/wing) – 2,000 800 
Weight��������� (lbs/wing) – 2,100 820 
Weight��������� (lbs/wing) – 1,420 650 
Weight�������� (lbs/wing) – 1,400 630 
Weight�������� (lbs/wing) – 455 700 
����� – 0.96 0.96 

The addition of the electric components and their efciencies results in the retroft 

aircraft for both technology levels being heavier and draggier. This result shows that a pure 

retroft of an existing airframe for hybrid electric engines is not benefcial from an energy 

standpoint. However, the retroft hybrid electric aircraft from these results can be used 

to demonstrate the potential benefts of using windmilling hybrid electric engines for noise 

abatement on approach. 

6.2 Windmilling Engine Noise versus Drag of Retroft 

Hybrid Electric Aircraft 

The fans of both the distributed propulsion, 5 engine per wing retroft hybrid electric aircraft 

and the 1 supercooled engine per wing retroft hybrid electric aircraft were modeled in 

XROTOR to determine the maximum windmilling drag possible for each confguration. The 

fan rotor and stator chord/radius and blade angle/radius distribution from Table 5.1 and 

the duct and hub geometry from Figure 5-19 were used and re-scaled for the fan diameters 

of both retroft hybrid electric aircraft architectures. Maximum total windmilling drag was 

assumed to occur at the minimum RPM that the fan could operate without the blade tips 
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stalling and is shown versus aircraft velocity in Table 6.3 for both architectures. 

Table 6.3: RPM at Maximum Windmilling Drag (Assumed to Occur at Minimum RPM 
before Blade Tip Stall) versus Aircraft Velocity 

Aircraft Velocity (knots) 

150 

200 

250 

Fan RPM at Maximum Windmilling Drag 

1 Supercooled Engine per Wing 5 DP Engines per Wing 

250 600 

320 760 

400 950 

The resulting maximum total windmilling drag achieved with both engine confgurations 

is shown in Figure 6-1. The drag from the landing gear of the Boeing 737-800 and the idle 

thrust of two CFM56-7B engines, both from BADA 4, are shown for comparison. 
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Figure 6-1: Maximum Windmilling Drag versus Velocity of Retroft Distributed Engine and 
Supercooled Motors Compared to Conventional Aircraft Gear Drag and Idle Thrust 

Figure 6-1 shows that the maximum windmilling drag of both retroft aircraft increases 

with velocity. The maximum windmilling drag of the retroft aircraft with one supercooled 

motor per wing is comparable to the total gear drag of the Boeing 737-800, particularly at 
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slow velocities. The maximum windmilling drag of the retroft aircraft with one supercooled 

motor per wing is also about twice that of the distributed propulsion aircraft with 5 

self-cooled fans per wing. This is due to the smaller diameter, distributed propulsion fans 

having less blade surface and therefore produce smaller lift and drag components than larger 

diameter fans despite the maximum windmilling RPM being higher for the smaller fans. 

The resulting noise of fan of both the 5 distributed fans per wing retroft hybrid electric 

aircraft and retroft hybrid electric aircraft with supercooled motors was modeled in BFANS 

to determine the fan noise at maximum windmilling drag versus velocity. The resulting 

broadband noise at a 120m observer are shown in Figure 6-2. The idle thrust fan noise 

versus velocity predicted in ANOPP of the conventional CFM56-7B engine is also plotted 

for comparison. 
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Figure 6-2: Broadband Overfight Noise Outputs for Fans of Retroft Hybrid Electric Aircraft 
at Altitude 120m 

The resulting noise prediction of the retroft fans at low velocities is quieter than the 

ANOPP prediction for the idle thrust fan noise of the CFM56-7B and higher at velocities 

above a fight speed of approximately 220 knots. Thus the fan noise of the retroft hybrid 

electric engine is expected to contribute no more to the overall noise of the aircraft than 

fans of the baseline turbofan aircraft at idle thrust conditions below a fight speed of 220 
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knots. If windmilling drag is used above 220 knots, the windmilling drag noise will have 

to be compared to the noise of other aircraft components to determine if it will contribute 

signifcantly to the overall aircraft noise. 

The baseline aircraft used in the following case studies is the Boeing 737-800 with 

CFM56-7B engines, while the 2035 time frame retroft hybrid electric aircraft with 5 

distributed fans per wing employing windmilling drag is the alternative aircraft. The 

technology level of this aircraft was both more conservative compared to the estimated 

performance of the supercooled electronics of the 2050 timeframe aircraft as well as was 

shown to have more conservative maximum windmilling drag estimates as shown in Figure 

6-1. Thus procedures utilizing the maximum windmilling drag of the distributed propulsion 

2035 technology level aircraft is within the available performance space of both hybrid electric 

aircraft that are summarized in Table 6.2 

It is assumed for the following case studies of retroft-hybrid electric aircraft employing 

windmilling drag on approach that the fnal approach weight of both the baseline aircraft and 

the retroft-hybrid electric aircraft employing windmilling drag on approach are equal. This 

is in order to provide a direct comparison of the windmilling efect versus no windmilling on 

noise without the additional impacts of weight on noise. An otherwise fully-loaded retroft 

aircraft would be heavier than the baseline aircraft would have a higher stall velocity and 

thus higher fnal approach speeds which would result in higher airframe noise on the fnal 

descent. 

6.3 Case Study 1: Performance and Noise Analysis of 

Steeper Approaches with Windmilling Drag 

Use of the framework described in Chapter 5 is demonstrated on an example steeper descent 

approach procedure compared to a baseline continuous descent, 3∘ approach with a standard 

deceleration profle that follows the mean deceleration profle of Boeing 737-800s from BOS 

radar data in Figure 4-23. The motivation for analysis of this procedure is to examine the 

use of a hybrid electric aircraft employing windmilling drag in enabling steeper descents and 
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therefore reducing undertrack noise via increasing altitude versus distance to touchdown.

6.3.1 Steeper Approach Profile with Windmilling Drag

The steeper descent procedure with windmilling drag compared to the baseline profile are

diagrammed in Figure 6-3. In the modified procedure, windmilling drag was used to enable a

steeper descent and thus increase altitude versus distance to touchdown. During the steeper

approach with windmilling drag, windmilling is assumed to occur from the Flaps 5 release

to touchdown. The landing configuration flaps and gear were assumed deployed at the same

altitude for each respective device as in the baseline case, where as high lift devices for earlier

portions of the procedure were assumed to be deployed based on velocity. Gear release was

assumed to occur at 2,000 ft and the stabilization point was assumed to be 1,700 ft for both

cases.

Daircraft + Dflaps+gear

Steeper Approach:
>3° glideslope

3°

Daircraft + Dflaps+gear + Dwindmilling

Daircraft + Dwindmilling

3°

Delayed Deceleration Approach:
Delay deceleration and configuring to 
closer to touchdown

Daircraft + Dconfiguration

Daircraft + Dflaps

3°

Daircraft + Dflaps+gear

Figure 6-3: Baseline Profile with 3∘ Continuous Descent Compared to Steeper Descent
Procedure with Windmilling Drag

The resulting modeled altitude, velocity, configuration, and thrust profiles are shown in

Figure 6-4, with the baseline profiles in black and the hybrid electric aircraft profiles with

windmilling drag shown in magenta.
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Figure 6-4: Modeled Altitude, Velocity, Confguration, and Thrust of the Baseline and 
Steeper Descent Profle with windmilling drag 

As can be seen the percent maximum thrust profle in Figure 6-4, engine thrust is 

negative where the windmilling drag is employed. A 4.6∘ steeper descent angle was obtained 

with the hybrid electric aircraft procedure when employing maximum windmilling drag 

(which increased with aircraft velocity) and adjustments to the velocity and confguration 

profles between the Flaps 5 velocity and the stabilization point of 1,700 ft. 

6.3.2 Single Event Flyover Noise Modeling of the Baseline and 

Steeper Approaches with Windmilling Drag 

The baseline approach procedure was modeled along with the steeper descent approach 

procedure performed by the retroft hybrid electric aircraft, both assuming a straight-in 

approach. Given these approach profles and the performance and geometry data for the 

Boeing 737-800 from TASOPT, the single event fyover noise for both cases was obtained 

using the noise modeling method from Figure 5-7. 

Figure 6-5 shows the breakdown of the magnitude of L�,��� directly under the fight 
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track of each profle for each noise component. In Figure 6-5 (b), the predicted noise of 

the windmilling fans during the windmilling portion of the approach between 17 and 3 

nmi to touchdown is shown in the dotted gold line, while for reference, the noise of two 

Boeing 737-800 conventional CFM56-7B engines at idle thrust is shown in the solid gold 

line. Both components are signifcantly less than the total noise and therefore as a source 

component do not signifcantly impact the total aircraft noise. The windmilling fan in this 

case therefore only impacts the total noise levels by enabling the aircraft to perform the 

steeper descent. The other noise components are reduced due to the increased altitude 

to touchdown. Additionally, because the gear is assumed to deploy at 2,000ft, the gear 

deployment location is closer to touchdown and thus the gear noise is only evident from 

about 4.5 nmi to touchdown for the windmilling steeper descent approach in Figure 6-5 (b). 
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Figure 6-5: L�,��� Component Breakdown for (a) Baseline Approach and (b) Steeper 
Descent Windmilling Approach 
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To illustrate the noise reduction of the steeper 4.6∘ descent enabled with windmilling 

drag, the reduction in total L�,� �� under the fight track when fying the windmilling steeper 

descent procedure instead of the baseline 3∘ descent procedure is shown in Figure 6-6. 
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Figure 6-6: Reduction in L�,��� (dB) Under the Flight Track for a Retroft Hybrid Electric 
Aircraft Performing a 4.6∘ Descent with Windmilling Drag Compared to a Conventional 
Boeing 737-800 Performing a Baseline 3∘ Descent 

There is an approximately 4-6 dB reduction in noise for the retroft hybrid electric 

aircraft performing the steeper 4.6∘ descent by employing windmilling drag compared to the 

conventional Boeing 737-800 performing the baseline 3∘ approach. The spikes in the data 

refect diferences in locations where faps and slats were deployed. 

Finally, the L�,��� noise contours of both the baseline 3∘ descent and steeper 4.6∘ 

descent are shown in Figure 6-7. In addition, the reduction in the L�,��� noise contours 

when fying the steeper 4.6∘ descent compared to the baseline 3∘ descent and are shown 

on approach into Runway 4R at Boston Logan Airport (BOS) in Figure 6-8. Signifcant 

reductions in the noise along the entire approach procedure are apparent. 
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(a) Baseline 3∘ Descent (b) 4.6∘ Descent with Windmilling Drag 

Figure 6-7: L�,��� (dB) Contours for the Retroft Hybrid Electric Aircraft Performing a 4.6∘ 

Descent with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a 
Baseline 3∘ Descent 

Figure 6-8: Reduction in L�,��� 60 (dB) Contour for the Retroft Hybrid Electric Aircraft 
Performing a 4.6∘ Descent with Windmilling Drag Compared to a Conventional Boeing 
737-800 Performing a Baseline 3∘ Descent 

The population exposure to the 60, 65, and 70 dB L�,��� noise contours is also shown 

in Table 6.4, also indicating signifcant noise reductions for the steeper 4.6∘ descent compared 
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to the baseline 3∘ descent. 

Table 6.4: Population Exposure of Baseline Approach Procedure versus Windmilling Steeper 
Descent Approach 

L�,��� Level (dB) 60 65 70 

Baseline 35,749 12,284 3,040 

Population Exposure Steeper Descent 21,160 7,863 798 

Decrease 14,589 4,421 2,242 

The windmilling drag steeper descent procedure yields reductions in total population 

exposure at all levels. 

Comparison of Retroft Hybrid Electric Aircraft Steeper Descent with 

Windmilling to Conventional Boeing 737-800 Steeper Descent without 

Windmilling 

When employing windmilling drag, the retroft hybrid electric aircraft was found able to 

perform a 4.6∘ steeper descent while maintaining similar distances to decelerate at diferent 

confguration settings. For the conventional Boeing 737-800 operating at idle thrust until 

gear release at 2,000 ft, the steepest descent angle without windmilling while maintaining 

similar distances to decelerate at diferent confguration settings was found to be 3.4∘. These 

fight profles are shown in Figure 6-17, with the baseline 3∘ descent in black, the idle thrust 

3.4∘ steeper descent in green, and the hybrid electric windmilling 4.6∘ descent in magenta. 
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Figure 6-9: Modeled Altitude, Velocity, Confguration, and Thrust Baseline, Steeper Descent 
Profle without Windmilling Drag, and Steeper Descent Profle with Windmilling Drag 

A comparison of the total L�,��� noise undertrack of these procedures is shown in 

Figure 6-10. A conventional Boeing 737-800 performing an idle thrust 3.4∘ steeper descent 

yields an approximately 1 dB reduction in L�,��� throughout the procedure compared to 

the baseline 3∘ descent. The retroft hybrid electric aircraft performing the 4.6∘ steeper 

descent enabled by windmilling drag yields an approximately 4-6 dB reduction in L�,��� 

throughout the procedure compared to the baseline 3∘ descent. 
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Figure 6-10: L�,� �� (dB) Under the Flight Track for a Retroft Hybrid Electric Aircraft 
Performing a 4.6∘ Descent with Windmilling Drag and 3.4∘ Descent without Windmilling 
Drag, and a Conventional Boeing 737-800 Performing a Baseline 3∘ Descent 

The results in Figure 6-10 show that the retroft hybrid electric aircraft performing 

steeper descents by employing windmilling drag ofers signifcant benefts compared to not 

only baseline continuous 3∘ descents, but also the steeper 3.4∘ descent, which is the limit 

of the conventional Boeing 737-800 drag performance capability without utilizing drag by 

confguring early. 
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6.4 Case Study 2: Performance and Noise Analysis of 

Delayed Deceleration Approaches with 

Windmilling Drag 

Use of the framework described in Chapter 5 is demonstrated on an example delayed 

deceleration approach procedure compared to a baseline 3∘ continuous descent approach 

with a standard deceleration profle that follows the mean deceleration profle of Boeing 

737-800s from BOS radar data in Figure 4-23. The motivation for the analysis of this 

procedure is to examine the use of a hybrid electric aircraft employing windmilling drag in 

increasing the maximum deceleration rate at various high lift device confgurations. Doing so 

enables the aircraft to maintain higher airspeeds to a distance closer to touchdown. Doing so 

enables fap and slat deployment, and associated fap and slat noise, to be delayed to closer 

to touchdown. 

6.4.1 Delayed Deceleration Approach Profle with Windmilling 

Drag 

The delayed deceleration procedure with windmilling drag compared to the baseline profle 

is diagrammed in Figure 6-11. In the modifed procedure, windmilling drag was used to 

enable a delayed deceleration and thus a delay fap and slat deployment to a distance that 

is to touchdown. Windmilling is assumed to occur from 250 knots to touchdown to the 

stabilization point at 1,700 ft. The landing confguration faps and gear were assumed 

deployed at the same altitude for each respective device as in the baseline case, whereas 

the high lift devices for earlier portions of the procedure were assumed to be deployed based 

on velocity. The stabilization point was assumed to be 1,700 ft for both cases. 
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Figure 6-11: Baseline Profile with Standard Deceleration Compared to Delayed Deceleration
Procedure with Windmilling Drag

The resulting modeled altitude, velocity, configuration, and thrust profiles are shown in

Figure 6-12, with the baseline profiles in black and the hybrid electric aircraft profiles with

windmilling drag shown in magenta.
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Figure 6-12: Modeled Altitude, Velocity, Configuration, and Thrust Baseline and Delayed
Deceleration Profile with Windmilling Drag
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As can be seen the percent maximum thrust profle in Figure 6-4, engine thrust is 

negative where the windmilling drag is employed. In addition, the higher deceleration rate 

obtained in the hybrid electric aircraft procedure with windmilling drag enables the high lift 

device deployment to occur closer to touchdown. This is not typically achievable during a 

standard 3∘ continuous descent procedure because high lift devices are needed for the aircraft 

to have enough drag to slow down to the fnal approach velocity before the stabilization point. 

6.4.2 Single Event Flyover Noise Modeling of Baseline and 

Delayed Deceleration Approaches with Windmilling Drag 

The baseline approach procedure with the standard deceleration was modeled along with the 

delayed deceleration procedure with the retroft hybrid electric aircraft, with both aircraft 

fying a straight-in approach. Given these approach profles and the performance and 

geometry data for the Boeing 737-800 from TASOPT, the single event fyover noise for 

both cases obtained using the noise modeling method from Figure 5-7. 

Figure 6-13 shows the breakdown of the magnitude of L�,��� directly under the fight 

track of each profle for each noise component. In Figure 6-13 (b) the predicted noise of 

the windmilling fans during the windmilling portion of the approach between 15 and 5 nmi 

to touchdown is shown in the dotted gold line, while for reference, the noise of two Boeing 

737-800 conventional CFM56-7B engines at idle thrust is shown in the solid gold line. Both 

components are signifcantly less than the total noise and therefore as a source component 

do not signifcantly impact the total aircraft noise. The windmilling fan therefore only 

impacts the total noise levels by enabling the aircraft to perform the delayed deceleration on 

a continuous descent approach. The confguration noise components were thus reduced due 

to the delayed deceleration and delay in confguration deployment to closer to touchdown. 
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Figure 6-13: L�,��� Component Breakdown for (a) Baseline, Standard Deceleration 
Approach and (b) Delayed Deceleration Windmilling Approach 

To illustrate the contribution to noise reduction under the fight track of the delayed 

deceleration descent enabled with windmilling drag, the reduction in total L�,��� under the 

fight track for the aircraft fying the windmilling delayed deceleration procedure instead of 

the baseline standard deceleration procedure is shown in Figure 6-14. 

193 



-30 -25 -20 -15 -10 -5 0

Distance to Touchdown (nmi)

0

2

4

6

8

10

D
iff

e
re

n
ce

 in
 L

A
M

A
X

 (
d

B
)

Flaps 1 vs 
No Flaps 

Flaps 5 vs 
No Flaps 

Flaps 10 & 15 vs 
No Flaps 

Figure 6-14: Reduction in L�,��� (dB) Under the Flight Track for a Retroft Hybrid Electric 
Aircraft Performing a delayed deceleration approach with Windmilling Drag Compared to a 
Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 

There is a reduction in noise of approximately 5-6 dB between 26 and 17 nmi to 

touchdown for the retroft hybrid electric aircraft performing the delayed deceleration 

approach with windmilling drag compared to the conventional Boeing 737-800 performing the 

baseline standard deceleration approach due to the delay in deployment of faps 1. Additional 

reductions of approximately 7-9 dB also occur between about 17 to 10 nmi to touchdown 

due to the delay in deployment of faps 5 through 15. The two procedures have the same 

noise impacts from about 10 nmi to touchdown. 

Finally, the L�,��� noise contours of both the baseline standard deceleration profle and 

delayed deceleration profle with windmilling drag is shown in Figure 6-15. In addition, the 

reduction in the L�,��� noise contours when fying the delayed deceleration approach with 

windmilling drag compared to the baseline standard deceleration approach and are shown 

on approach into Runway 4R at Boston Logan Airport (BOS) in Figure 6-16. Signifcant 

reductions in the noise along the entire approach procedure are apparent beyond about 10 

nmi from touchdown. 
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(a) Baseline Standard Deceleration (b) Delayd Deceleration Approach with 
Approach Windmilling Drag 

Figure 6-15: L�,��� (dB) Contours for the Retroft Hybrid Electric Aircraft Performing a 
Delayed Deceleration Approach with Windmilling Drag Compared to a Conventional Boeing 
737-800 Performing a Baseline Standard Deceleration Approach 

Figure 6-16: Reduction in L�,��� 60 (dB) Contour for the Retroft Hybrid Electric 
Aircraft Performing a Delayed Deceleration Approach with Windmilling Drag Compared 
to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 

Population exposure at each of the 60 dB, 65 dB, and 70 dB L�,��� noise levels for the 

delayed deceleration approach profle compared to the baseline approach are shown in Table 
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6.5. 

Table 6.5: Contour Area of Baseline Approach Procedure versus Windmilling Delayed 
Deceleration Approach 

L�,��� Level (dB) 60 65 70 

Baseline 35,749 12,284 3,040 

Population Exposure Delayed Deceleration 27,919 12,107 3,040 

Decrease 7,830 117 0 

Reduction in population exposure is most signifcant at the 60 and 65 dB noise levels. 

Comparison of Retroft Hybrid Electric Aircraft Delayed Deceleration 

Approach to Conventional Boeing 737-800 Delayed Deceleration Approach 

without Windmilling 

When using windmilling drag on a 3∘ continuous descent, the retroft hybrid electric aircraft 

was found able to delay decelerating from 250 knots until about 14 nmi to touchdown and 

delay deploying faps until about 11 nmi to touchdown while still being able to slow to the 

fnal approach velocity at 1,700 ft. For the conventional Boeing 737-800 operating at idle 

thrust until gear release at 2,000 ft, the aircraft can only delay deploying faps until about 19 

nmi to touchdown in order to still be able to slow to the fnal approach velocity at 1,700 ft. 

These fight profles are shown in Figure 6-17, with the baseline, standard deceleration profle 

in black, the idle thrust delayed deceleration in green, and the hybrid electric windmilling 

delayed deceleration in magenta. 
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Figure 6-17: Modeled Altitude, Velocity, Confguration, and Thrust Baseline Standard 
Deceleration Profle, Delayed Deceleration Approach Profle without Windmilling Drag, and 
Delayed Deceleration Approach Profle with Windmilling Drag 

A comparison of the total undertrack L�,��� noise of these procedures is shown in 

Figure 6-18. A conventional Boeing 737-800 performing an idle thrust delayed deceleration 

approach has approximately 6-8 dB reduction in L�,��� compared to the baseline approach 

between 27 and 19 nmi. However, the retroft hybrid electric aircraft performing the delayed 

deceleration approach with windmilling drag yields an approximately 6-8 dB reduction in 

L�,��� until even closer to touchdown (between 27 and 11 nmi). 
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Figure 6-18: L�,��� (dB) Under the Flight Track for a Retroft Hybrid Electric 
Aircraft Performing a Delayed Deceleration Approach with Windmilling Drag and Delayed 
Deceleration Approach without Windmilling Drag, and a Conventional Boeing 737-800 
Performing a Baseline Standard Deceleration Approach 

The results in Figure 6-18 show that the retroft hybrid electric aircraft performing 

delayed deceleration approaches with windmilling drag ofers signifcant benefts compared 

to not only baseline continuous 3∘ descents with standard deceleration profles, but also 

idle thrust, delayed deceleration, 3∘ continuous descents. Windmilling improves the drag 

performance of the retroft hybrid electric aircraft and thus enables it to delay deploying 

faps until 11 nmi, compared to 19 nmi which is the limit of the conventional Boeing 737-800 

drag performance capability at idle thrust. 
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6.5 Case Study 3: Performance and Noise Analysis of 

Combined Delayed Deceleration Steeper 

Approaches with Windmilling Drag 

Use of the framework described in chapter 3 is demonstrated on an example combined delayed 

deceleration steeper approach procedure compared to a baseline, 3∘ continuous descent 

approach with a standard deceleration profle that follows the mean deceleration profle 

of Boeing 737-800s from BOS radar data in Figure 4-23. The motivation for the analysis 

of this procedure is to examine the use of a hybrid electric aircraft employing windmilling 

drag in both increasing the maximum deceleration of the aircraft at the early Flaps 1 and 

Flaps 5 confgurations, where most of the noise beneft of the delayed deceleration approach 

is obtained, and then in increasing the glideslope at later confgurations, where most of the 

noise beneft of the steeper approach is obtained. Doing so enables the aircraft in the early 

portion of the descent to maintain higher airspeeds to a closer distance to touchdown and 

thus Flaps 1 and 5 deployment, and associated fap and slat noise, can be delayed to closer 

to touchdown. It also enables a higher altitude of the aircraft during the rest of the descent. 

6.5.1 Combined Delayed Deceleration Steeper Approach Profle 

with Windmilling Drag 

The combined delayed deceleration, steeper approach procedure with windmilling drag 

compared to the baseline profle are diagrammed in Figure 6-19. In the modifed procedure, 

windmilling drag was used to enable a delayed deceleration and thus delay fap and slat 

deployment of the Flaps 1 and 5 confgurations to a closer distance to touchdown. It also 

enables the aircraft to perform a steeper descent at a standard deceleration rate for the 

rest of the approach. Windmilling is assumed to occur from 250 knots to touchdown to 

the stabilization point of 1,700 ft. The landing confguration faps and gear were assumed 

deployed at the same altitude for each respective device as in the baseline case, where as 

high lift devices for earlier portions of the procedure were assumed to be deployed based on 
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velocity. The stabilization point was assumed to be 1,700 ft for both cases.

Daircraft + Dflaps+gear

Steeper Approach:
>3° glideslope

3°

Daircraft + Dflaps + Dwindmilling

Delayed Deceleration Approach at 3° glideslope:
Delay deceleration and configuring to closer to 
touchdown

Daircraft + Dflaps

Daircraft + Dwindmilling

Daircraft + Dflaps+Gear + Dwindmilling

3°

Figure 6-19: Baseline Profile with Standard Deceleration Compared to Combined Delayed
Deceleration Steeper Procedure with Windmilling Drag

The resulting modeled altitude, velocity, configuration, and thrust profiles are shown in

Figure 6-20, with the baseline profiles in black and the hybrid electric aircraft profiles with

windmilling drag shown in magenta.
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Figure 6-20: Modeled Altitude, Velocity, Confguration, and Thrust Baseline and Combined 
Delayed Deceleration, Steeper Profle with Windmilling Drag 

As can be seen the percent maximum thrust profle in Figure 6-20, engine thrust is 

negative where the windmilling drag is employed. 

6.5.2 Single Event Flyover Noise Modeling of Baseline and 

Combined Delayed Deceleration Steeper Approaches with 

Windmilling Drag 

The baseline approach procedure with the standard deceleration was modeled along with the 

combined delayed deceleration steeper procedure with the retroft hybrid electric aircraft on 

a straight approach. Given these approach profles and the performance and geometry data 

for the Boeing 737-800 from TASOPT, the single event fyover noise for both cases obtained 

using the noise modeling method from Figure 5-7. 
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Figure 6-21 shows the breakdown of component L�,� �� noise directly under the fight 

track for each noise component. In Figure 6-21 (b) the predicted noise of the windmilling 

fans during the windmilling portion of the approach between 17 and 3.8 nmi to touchdown 

is shown in the dotted gold line, while for reference, the noise of two Boeing 737-800 

conventional CFM56-7B engines at idle thrust is shown in the solid gold line. Both 

components are signifcantly less than the total noise and therefore as a source component do 

not signifcantly impact the total aircraft noise. The windmilling fan therefore only impacts 

the total noise levels by enabling the aircraft to perform the combined delayed deceleration 

steeper approach. The other noise components thus reduced due to the delayed deceleration 

and increased altitude to touchdown. 
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Figure 6-21: L�,��� Component Breakdown for (a) Baseline, Standard Deceleration 
Approach and (b) Combined Delayed Deceleration and Steeper Windmilling Approach 

To illustrate the contribution to noise reduction under the fight track for the combined 
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delayed deceleration steeper descent enabled with windmilling drag, the reduction in total 

L�,��� under the fight track when fying the combined windmilling steeper delayed 

deceleration procedure instead of the baseline procedure is shown in Figure 6-22. 
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Figure 6-22: Reduction in L�,��� (dB) Under the Flight Track for a Retroft Hybrid 
Electric Aircraft Performing a Combined Delayed deceleration Steeper approach with 
Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline 
Standard Deceleration Approach 

There is an approximately 8-10 dB reduction in noise between 26 and 17 nmi 

to touchdown for the retroft hybrid electric aircraft performing the combined delayed 

deceleration steeper approach with windmilling drag compared to the conventional Boeing 

737-800 performing the baseline standard deceleration approach due to both the delay in 

deployment of faps 1 and the additional altitude gain from the steeper descent. Additional 

reductions of approximately 11 dB also occur between about 17 to 12 nmi to touchdown due 

to the delay in deployment of faps 5 and altitude increase. Finally, average reductions in 

noise of about 4-5 dB occur due to the altitude increase from about 10 nmi to touchdown. 

Finally, the L�,��� noise contours of both the baseline standard deceleration profle 

and combined delayed deceleration steeper approach profle with windmilling drag is shown 

in Figure 6-23. In addition, the reduction in the L�,��� noise contours when fying the 

combined delayed deceleration steeper approach with windmilling drag compared to the 

baseline standard deceleration approach and are shown for this procedure on approach into 

Runway 4R at Boston Logan Airport (BOS) in Figure 6-24. Signifcant reductions in the 

203 



noise along the entire approach procedure are apparent. 

(a) Baseline Standard Deceleration 
Approach 

(b) Delayed Deceleration Steeper Approach 
with Windmilling Drag 

Figure 6-23: L�,��� (dB) Contours for the Retroft Hybrid Electric Aircraft Performing a 
Delayed Deceleration Approach with Windmilling Drag Compared to a Conventional Boeing 
737-800 Performing a Baseline Standard Deceleration Approach 

Figure 6-24: Reduction in L�,��� 60 (dB) Contour for the Retroft Hybrid Electric Aircraft 
Performing a Combined Delayed Deceleration Steeper Approach with Windmilling Drag 
Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration 
Approach 
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The population exposure to the 60, 65, and 70 dB L�,��� noise contours is shown in 

Table 6.6, also indicating signifcant noise reductions for the combined delayed deceleration 

steeper approach with windmilling drag descent compared to the baseline 3∘ descent. 

Table 6.6: Population Exposure of Baseline Approach Procedure versus Combined Delayed 
Deceleration Steeper Approach with Windmilling Drag 

L�,��� Level (dB) 60 65 70 

Baseline 35,749 12,284 3,040 

Population Exposure DDA Steeper Descent 21,426 7,883 800 

Decrease 14,323 4,401 2,240 

The combined delayed deceleration steeper approach with windmilling drag yields 

reductions in total population exposure at all levels. The population exposure reduction 

is similar to the windmilling steeper, 4.6∘ descent procedure with a standard deceleration. 

6.6 Chapter 6 Conclusion 

The case studies of this chapter also show that a retroft hybrid electric aircraft employing 

windmilling drag can perform approach procedures that yield signifcant noise benefts 

compared to the fight performance capabilities of conventional aircraft. The predicted noise 

of windmilling fans was shown to be signifcantly lower than the other noise components of 

a typical airframe (such as high lift devices) and therefore the noise impact of windmilling 

drag was shown to be only due to how it impacted the aircraft fight performance. 

Windmilling fans were shown to ofer signifcant noise reductions both in steeper 

descent approaches and delayed deceleration approaches in the conceptual studies of this 

chapter. While the examples presented showed the performance capability one aircraft, the 

windmilling fan may ofer the performance of larger deceleration rates and steeper descent 

angles depending on the aircraft design and trades between other components of the fight 

profle, such as confguration setting. For example, an early deceleration and fully confgured 

aircraft with maximum windmilling drag would be able to descend at a steeper angle than 

the aircraft with a standard deceleration rate that was presented in Figure 6-4. Additional 
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details of how windmilling engines will be integrated into airframes and potential options for 

optimization of fan design for better drag and noise performance require further study. 

One consideration for the design of these procedures is that the maximum descent angle 

that can be achieved will also be limited by the aircraft’s ability to conduct a safe go-around 

procedure from a given decision height. Hileman et al [6] presents a relationship between 

the maximum fight path angle for a safe go-around and decision height, fnal approach 

velocity, time delay due to the pilot and engine spool-up response, and load limit due to 

the aggressiveness of the pull-up. Hileman et al shows that for a fnal approach speed of 

148 knots (which was used in the examples shown in Chapter 6), a decision height of 100 

ft, and load factor of 1.3g, the maximum fight path angle for a safe go-around is about 

4∘-5.5∘ with a 5 to 3 second time delay typical of aircraft with standard gas turbine engines. 

The maximum descent angle of the steeper approach case presented in Figure 6-4 of 4.6∘ 

is within this range, though steeper angles require slower approach velocities depending on 

the delay in pilot response and engine spool-up time. Studies have indicated [85] that the 

spool-up time of hybrid electric fans is expected to be more rapid than the maximum 5 

seconds required to transition from fight idle to 95% thrust required by FAR 33.73 [143], 

however these trade-ofs also require future study. 

In addition, it was assumed the fnal approach weight of both the baseline aircraft and 

the retroft-hybrid electric aircraft employing windmilling drag on approach were equal. This 

was in order to provide a direct comparison of the windmilling efect versus no windmilling 

on noise without the additional impacts of weight on noise. This assumption implies that 

the extra weight due to the hybrid electric aircraft retroft is accounted for with a reduction 

in fuel or payload capacity. An otherwise fully-loaded retroft aircraft would be heavier than 

the baseline aircraft would have a higher stall velocity and thus higher fnal approach speeds, 

which would result in higher airframe noise on the fnal descent. Resizing the aircraft may 

mitigate this issue (for example, by resizing the aircraft for a higher wing surface area to 

reduce fnal approach velocity). Incorporating a full optimization formulation for hybrid 

electric aircraft in a TASOPT-like framework would indicate how the aircraft as a whole 

would have to be modifed for this concept. These design trades for actual implementation 

of this concept require further study. 
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Chapter 7 

Conclusion 

7.1 Thesis Framework and Analysis Results Summary 

A framework for analyzing aircraft community noise impacts of advanced operational 

approach and departure procedures of conventional aircraft was developed, which includes 

detailed engine and airframe source noise ANOPP models. This enables the framework 

to model the noise impacts of not only thrust modifcations as in Noise-Power-Distance 

based models, but also the impacts of aircraft speed and confguration changes. Because 

these models require detailed thrust and velocity profles as well internal engine states, a 

fight profle generation module was developed to generate the detailed input data using a 

combination of BADA4 data and TASOPT aircraft and engine models. While not a primary 

focus of this thesis, fuel burn can also be modeled and thus considered with the design of 

noise abatement fight procedures with this framework. 

The performance and noise of conventional aircraft performing several noise abatement 

approach and departure procedure concepts were assessed with this framework. The 

example applications showed how fight path angle, speed, and confguration changes impact 

performance and noise and how these factors may be designed in advanced operational 

procedures for noise reduction. The case studies of conventional aircraft show that for 

modern aircraft, changes in aircraft speed have minimal impact on the overall departure 

noise. This is because reasonable changes in speed on departure from standard departures 
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do not signifcantly impact engine noise, which is the dominate source in departure, nor 

signifcantly impact climb performance. Changes in climb altitude via a thrust increase 

have a more signifcant impact on departure noise. An increase in the climb angle in 

departure via a thrust increase results in higher altitudes but also higher engine noise, and 

therefore a redistribution of the noise where some regions are benefted and some regions 

are dis-benefted. Thus the population distribution for where the departure is implemented 

would have to be considered in order to determine the best location of thrust modifcations. 

During approach, fying continuous descents as opposed to level segments was shown 

to result in decreases in both thrust, and subsequent engine noise, as well as yield higher 

altitudes for more distance to touchdown in the descent, which also decreases overall aircraft 

noise. In addition, unlike in departure, the case studies of conventional aircraft showed that 

for modern aircraft on arrival, changes in approach airspeed can have a signifcant impact 

on the overall aircraft noise. Engine thrust on approach is often low and thus airframe noise 

components, such as fap and slat noise, have a more signifcant impact during approach 

than during departure. If aircraft decelerate early in an approach, then faps and slats 

must be released. These devices are shown to have a signifcant impact on approach noise. 

Thus delaying deceleration and subsequent confguration deployment can yield signifcant 

noise reductions, as was shown on example narrow and wide body aircraft. The delayed 

deceleration approach was test fown on the Boeing ecoDemonstrator for fyability and 

signifcant noise reductions were observed in the modeled noise impacts of the fight test 

results using the framework. 

A summary of the noise impacts of each of the conventional aircraft procedures assessed 

is shown in Table 7.1. 
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Table 7.1: Summary of Advanced Procedure Noise Impact for Conventional Aircraft 

Procedure Noise Impact 

Delayed 

Deceleration 

Approach 

Delayed deceleration approach procedures are fyable (as shown in 

the B777 Flight Demonstration) and yield 6-10 dB undertrack noise 

reduction compared to baseline procedures 

Continuous Descent 

Approach 

Continuous descent approaches yield 2 dB noise reductions in noise 

under the fight track compared to approaches with level segments before 

the region of glideslope intercept 

Steeper Approach 3.77∘ steeper approaches yield 4-5 dB reductions in noise under the fight 

track compared to 3∘ ILS approaches 

High Thrust Climb High initial thrust on departure results in noise increase close to takeof 

due to increased engine noise and a noise reduction further out 

Reduced Speed 

Departure 

While reducing climb speed reduces clean airframe noise, engine noise 

is dominate on departure and thus reducing departure climb speed does 

not signifcantly impact overall aircraft departure noise 

Noise Abatement 

Departure Procedure 

1 and 2 (NADP 1 

and 2) 

Changes in the acceleration location on departure results in small 

diferences in community noise compared to current procedures. 

Standard departures in US are consistent with NADP 2 and is close 

to the minimal noise impact 

The framework was extended to also include the functionality to analyze the fight 

performance of retroft hybrid electric aircraft and the drag and noise impacts of windmilling 

engines. This included using XROTOR to assess the drag performance of windmilling fans 

at diferent RPMs and BFANS as the broadband noise model for windmilling fans. Boeing 

737-800s retroftted for hybrid electric engines were conceptually sized with 2035 timeframe 

and 2050 timeframe electrifed engine technologies to obtain fan sizes for each assumption. 

The blade geometry of an available CFM56-3 engine was scaled to the fan diameter for 

each technology assumption and the maximum windmilling drag versus aircraft velocity and 

windmilling fan noise was assessed with the framework. The predicted noise of windmilling 

fans was shown to be signifcantly lower than the other noise components of a typical airframe 

and therefore the noise impact of windmilling drag was shown to be only how it impacts the 
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aircraft fight performance. 

The noise of hybrid electric aircraft performing noise abatement approach procedure 

concepts that take advantage of windmilling drag were compared to the noise of conventional 

gas-turbine engine aircraft. The retroft aircraft sized with the 2035 timeframe technology 

level assumption, which required distributed propulsion and 5 fans per wing, was found to 

produce less windmilling drag than the 2050 timeframe technology level assumption with 

1 large fan per wing and therefore the hybrid electric aircraft approach procedures were 

designed assuming the lower drag of the 2035 timeframe technology level assumption as the 

limit case. Windmilling fans employed by the retroft hybrid electric aircraft were shown to 

ofer signifcant noise reductions both in steeper descent approaches and delayed deceleration 

approaches compared to approaches that can be performed by conventional Boeing 737-800 

aircraft which were limited by drag performance. 

A summary of the noise impacts of each of the hybrid electric aircraft procedures assessed 

is shown in Table 7.2. 

Table 7.2: Summary of Advanced Procedure Noise Impact for Hybrid Electric Aircraft Using 
Windmilling Drag 

Procedure Noise Impact 

Steeper Approach with 

Windmilling Drag 

Delayed Deceleration 

Approach with 

Windmilling Drag 

Steeper approach with windmilling drag yields 4-6 dB noise 

reductions under the fight track throughout the entire procedure 

compared to 3∘ continuous descent approaches performed by 

conventional aircraft 

Delayed deceleration approaches with windmilling drag yields 4-8 dB 

noise reductions under the fight track compared to 3∘ continuous 

descent approaches 10 nmi from touchdown and beyond 

Combined Delayed 

Deceleration Steeper 

Approach with 

Windmilling Drag 

Combined Delayed Deceleration Approach and Steeper Final Descent 

with windmilling drag yields 9-11 dB noise reductions under the fight 

track prior to 10 nmi to touchdown and 4-6 dB noise reductions 

under the fight track between 10 nmi to touchdown compared to 3∘ 

continuous descent approaches performed by conventional aircraft 
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7.2 Primary Contributions 

In this thesis, a framework was developed that considers the aircraft, fight procedure, and 

noise components for analysis of community noise impacts of advanced operational fight 

procedures for conventional and hybrid electric aircraft utilizing windmilling engines. 

The framework was used to evaluate noise impact of several advanced fight procedures: 

∙ Delayed Deceleration Approach 

∙ Continuous Descent Approach 

∙ Steeper Approach 

∙ High Thrust Climb 

∙ Reduced Speed Departure 

∙ Noise Abatement Departure Procedure 1 and 2 

The windmilling drag concept to obtain quiet drag on approach was identifed as 

a beneft attribute for hybrid electric aircraft. In addition, a model was developed for 

windmilling engine drag and noise. 

Finally, the framework was used to evaluate several advanced fight procedures for 

retroft hybrid electric aircraft using windmilling drag: 

∙ Steeper Approach with Windmilling Drag 

∙ Delayed Deceleration Approach with Windmilling Drag 

∙ Combined Delayed Deceleration Approach and Steeper Final Descent with Windmilling 

Drag 

7.3 Discussion and Future Work 

The framework to analyze the community noise impacts of advanced operational fight 

procedures of conventional and hybrid electric aircraft shown in this thesis can be used 

for the aircraft that are contained in the BADA 4 drag database and retroft hybrid electric 

aircraft. A continuing step in future developments of this framework would be to include 
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capability for the systems level sizing and analysis of additional hybrid electric or fully 

electric aircraft. 

Additionally, there is also a key need for validation of the noise benefts of the fight 

procedures demonstrated. The models show signifcant noise reductions for many fight 

procedures but results need to be compared to noise measurements for validation. In 

addition to noise validation, operational implications of the procedures identifed as having 

beneft need to be evaluated. For example, delayed deceleration approach procedures, which 

were showed to have noise benefts for both conventional and hybrid electric aircraft, have 

implementation challenges. These challenges include the ability of pilots to know where to 

begin the deceleration for diferent aircraft weights and wind conditions and how air trafc 

controllers will sequence aircraft with diferent deceleration rates. These challenges require 

further study. 

Finally, the hybrid electric aircraft examples shown in this thesis were of retroft 

hybrid electric aircraft on approach compared to a conventional aircraft landing at the same 

approach weight in order to show the noise benefts of the windmilling fan concept on its own. 

Incorporating a full optimization formulation for hybrid electric aircraft in a TASOPT-like 

framework would indicate how the aircraft as a whole would have to be modifed for this 

concept and thus building such a model is a subject for future study. The details of 

how windmilling engines will be integrated into aircraft airframes and potential options 

for optimization of fan design for better drag and noise performance were not discussed in 

this thesis. Thus doing these design trades for actual implementation of this concept is also 

a subject for future study. 
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	1.1 Problem Introduction 
	This thesis presents an analysis framework to model community noise impacts of advanced operational approach and departure procedures for conventional and hybrid electric aircraft. The goal of the framework is to combine the aircraft, flight procedure, and component-based noise analysis to design, model and assess community noise reduction possibilities of advanced operational flight procedures flown by conventional aircraft and aircraft with advanced technologies. The utility of this framework is demonstra
	1.1.1 The Community Noise Problem Caused by Approaching and Departing Aircraft 
	1.1.1 The Community Noise Problem Caused by Approaching and Departing Aircraft 
	Community noise near airports produced by aircraft on approach and departure is an important factor in aircraft environmental impact assessments and many methods have been formulated to assess aircraft noise impacts. Historically, regulations for community noise surrounding airports due to approaching and departing aircraft have been focused on regions near final approach or initial takeoff. This can be seen in regulatory noise limitations 
	Community noise near airports produced by aircraft on approach and departure is an important factor in aircraft environmental impact assessments and many methods have been formulated to assess aircraft noise impacts. Historically, regulations for community noise surrounding airports due to approaching and departing aircraft have been focused on regions near final approach or initial takeoff. This can be seen in regulatory noise limitations 
	for civil turbojet aircraft which are defined for conditions close to the airport, such as the Federal Aviation Rule Part 36 (FAR-36) standards [1] which regulate the maximum allowed total effective perceived noise due to aircraft within 3.5 nmi from the airport. In addition, the U.S. Federal Aviation Administration legal definition of the region of significant noise exposure around airports is the 65 dB Day-Night Annual Average Sound level (DNL) contour [2], which also concentrates close to the airport run

	Recent changes to approach and departure procedures for aircraft enabled by more precise navigation technologies have resulted in noise concentration further from the airport. As shown in Figure 1-1, navigation was historically accomplished via routes defined by radio navigation aids (NAVAIDS) located on the ground or by heading vectors. Approach and departure procedures would vary as a result of navigational precision and the timing of air traffic controller instruction given during a route. Aircraft on ap
	Figure
	Figure 1-1: Comparison of Conventional, RNAV, and RNP Navigation, Figure from FAA An example of this concentration of flight tracks can be seen in Figure 1-2, which 
	Figure 1-1: Comparison of Conventional, RNAV, and RNP Navigation, Figure from FAA An example of this concentration of flight tracks can be seen in Figure 1-2, which 


	compares flight tracks out of Boston Logan Airport in 2010 (a) before these procedures were implemented, and in 2017 (b) after they were implemented. Locations where complaints were filed by the surrounding communities due to the noise of approaching and departing aircraft are shown in the red dots. 
	Figure
	Figure 1-2: Arrival and Departure Flight Paths and Noise Complaints at BOS in 2010 and 2017, Figures from [3] 
	Figure 1-2: Arrival and Departure Flight Paths and Noise Complaints at BOS in 2010 and 2017, Figures from [3] 


	(a) 2010 (b) 2017 
	As Figure 1-2 also indicates, there is a correlation between the locations of concentrated flight tracks and the increase in the number of complaint locations. The complaint locations also concentrate further from the airport and at lower noise levels than than the 65 DNL contour, represented in white in Figure 1-2 (b). 
	There is a desire to mitigate the noise under these concentrated flight tracks further from the airport. In the regions close to the airport, aircraft are typically at steady-state climb or descent rate, velocity, thrust level, and configuration. However, in the regions after initial takeoff and before final approach, there is more flexibility in aircraft lateral and vertical trajectories, and aircraft are not in steady state flight or operating conditions. Advanced operational approach and departure proced
	There is a desire to mitigate the noise under these concentrated flight tracks further from the airport. In the regions close to the airport, aircraft are typically at steady-state climb or descent rate, velocity, thrust level, and configuration. However, in the regions after initial takeoff and before final approach, there is more flexibility in aircraft lateral and vertical trajectories, and aircraft are not in steady state flight or operating conditions. Advanced operational approach and departure proced
	result in noise reductions further from the airport. Future aircraft may also be capable of performing certain advanced operational flight procedures beyond the capabilities of current aircraft and that may yield additional noise benefits. 



	1.2 Noise Reduction Opportunities of Conventional Aircraft Performing Advanced Operational Approach and Departure Procedures 
	1.2 Noise Reduction Opportunities of Conventional Aircraft Performing Advanced Operational Approach and Departure Procedures 
	Advanced operational flight procedures are one method to reduce aircraft noise in regions further from the airport. Flight procedures are the operational description of how the aircraft will fly. Modifications to standard approach and departure procedures in the vicinity of the airport typically consist of one of two types. The first type is modification to the lateral track. Lateral flight tracks can be designed to reduce noise impact by being positioned to avoid over-flight of sensitive communities. 
	The second type is the modification to the vertical procedure, which includes altering the thrust, altitude, velocity, and configuration profiles in order to reduce community noise compared to standard flight procedures. Aircraft noise is attributed engine noise components, airframe noise components, and the distance between the aircraft and the observers. Engine noise is impacted primarily by the thrust and velocity in the flight procedure, while airframe noise is impacted primarily with velocity and confi

	1.3 Reduction Opportunities of Future Aircraft, Including Hybrid Electric Aircraft with Windmilling Drag 
	1.3 Reduction Opportunities of Future Aircraft, Including Hybrid Electric Aircraft with Windmilling Drag 
	Additional methods for reducing community noise exposure beneath flight tracks may be possible with advanced concepts enabled by future aircraft. Aircraft source noise may be improved with future aircraft configurations or technologies. For example, these may include improved engine technologies that are quieter than current gas-turbine engines commonly used in civil aviation, by advanced configurations that enable engine noise shielding by the airframe, through overall cleaner airframes, or through quieter
	Additionally, advanced aircraft configurations or technologies may offer improvements to the performance of certain advanced operational flight procedures. For example, in order to reduce community noise exposure to aircraft on approach, aircraft should maintain a high altitude for as long as possible in the form of continuous descent or steep approaches to take advantage of additional noise attenuation through the atmosphere [1]. Performing such procedures requires aircraft to have enough drag on approach 
	An alternative high drag mechanism that has potential to produce less noise for the same drag as high lift devices, landing gear, or speedbrakes on approach is windmilling engines. Windmilling, where engines are driven by the external flow or operated at low rotation rates, is an alternative mechanism to create drag during descent that is potentially quieter than bluff body drag such as landing gear. While typically associated with engine failure for traditional gas-turbine engines, windmilling is possible 
	An alternative high drag mechanism that has potential to produce less noise for the same drag as high lift devices, landing gear, or speedbrakes on approach is windmilling engines. Windmilling, where engines are driven by the external flow or operated at low rotation rates, is an alternative mechanism to create drag during descent that is potentially quieter than bluff body drag such as landing gear. While typically associated with engine failure for traditional gas-turbine engines, windmilling is possible 
	fan is powered by an electric motor, such as in certain hybrid electric or full electric aircraft configurations. 

	Many studies have shown that noise reduction potential can be greatest through an examination of not only reducing noise at the aircraft source but also by reducing noise via operational adjustments [6][7][8][9] [10] [5]. When noise is considered in the development of future aircraft, it can become an additional value attribute for these concepts. 

	1.4 Full Flight Procedure Analysis Requires System Approach 
	1.4 Full Flight Procedure Analysis Requires System Approach 
	The previous sections described methods for reducing the noise impacts to communities further from the airport via advanced operational approach and departure procedures both for current aircraft and future aircraft; however such procedures have to modeled in order for their potential noise impacts to be assessed. Analysis of community noise due to aircraft in full approach and departure procedures, including regions before final approach or after initial takeoff where aircraft fly in non-steady state condi
	Figure
	Figure 1-3: Analysis of Community Noise due to Aircraft on Approach and Departure Requires an Integrated system 
	Figure 1-3: Analysis of Community Noise due to Aircraft on Approach and Departure Requires an Integrated system 


	This system is summarized as follows: 
	∙ 
	∙ 
	∙ 
	Flight procedures are the operational description of how the aircraft will fly and the full procedure includes regions where the aircraft state varies 

	∙ 
	∙ 
	The aircraft flies that procedure, its performance will determine the non-steady state conditions to yield the 3-D flight profile and will influence aircraft noise sources 

	∙ 
	∙ 
	Aircraft source noise is dependent on the aircraft and the flight profile. 


	More specifically, noise in advanced operational flight procedures must be modeled with enough detail such that the varying contributions of each noise component are reflected. Flight procedures define the three dimensional aircraft position, thrust, velocity, and configuration profiles as a function of time. These profiles are dependent on one another by the aircraft drag performance and weight as well as wind conditions. Aircraft noise is attributed to both engine and airframe sources [11] and the contrib
	More specifically, noise in advanced operational flight procedures must be modeled with enough detail such that the varying contributions of each noise component are reflected. Flight procedures define the three dimensional aircraft position, thrust, velocity, and configuration profiles as a function of time. These profiles are dependent on one another by the aircraft drag performance and weight as well as wind conditions. Aircraft noise is attributed to both engine and airframe sources [11] and the contrib
	examining the aircraft in the steady state conditions on final approach or initial takeoff close to the airport, aircraft can be operated with more flexibility in its procedure further from the airport and thus the component noise impacts due to operational variability must be considered. 

	Given an aircraft design, various flight procedure modifications within its performance capabilities can be implemented strategically to alter the position, altitude, velocity, configuration, and thrust and yield a resulting community noise reduction on approach or departure. Additionally, the magnitude of generated noise sources will also depend on aircraft aircraft specific geometry and internal engine states. 
	In order to be able to model the full range of options for different advanced operational flight procedures for both current and future aircraft, a modeling method must be developed that goes beyond existing capabilities. 
	Existing methods for analyzing aircraft flight procedure noise can be summarized in two primary categories: noise-power-distance (NPD) based models and noise source component models. NPD models are interpolations of noise from data tables of existing aircraft and engines. Examples models that utilize NPD methods include the Aviation Environmental Design Tool, which is the standard tool in the US to provide FAA stakeholders with environmental impact information [12]. Such data tables consist of noise measure
	Alternatively, noise source component models contain functional relationships between the various aircraft noise sources and the aircraft operation state. Example methods include the NASA Aircraft NOise Prediction Program (ANOPP), which contains a series of modules for analyzing aircraft component level noise based on a combination of semi-empirical and physics based methods. The functional relationships depend on geometry or state information about the aircraft, such as wing or turbine entry temperature, r
	Alternatively, noise source component models contain functional relationships between the various aircraft noise sources and the aircraft operation state. Example methods include the NASA Aircraft NOise Prediction Program (ANOPP), which contains a series of modules for analyzing aircraft component level noise based on a combination of semi-empirical and physics based methods. The functional relationships depend on geometry or state information about the aircraft, such as wing or turbine entry temperature, r
	components, but require extensive set of inputs and are not well set up on their own to consider the entire flight procedure because these inputs will vary in the non-steady state regions of the flight procedure. Component level source noise modeling requires an extensive set of information about the aircraft attributes including the aircraft geometry, internal engine states including performance at design and off-design conditions, and high lift device and landing gear configuration, throughout the flight 


	1.5 Thesis Objective 
	1.5 Thesis Objective 
	Advanced operational approach and departure procedures performed by conventional and future aircraft have the potential to reduce community noise. To model the noise impacts of these procedures, there is a need for modeling techniques that can evaluate advanced operational flight procedures away from the airport that include noise impacts due to the aircraft position, thrust, velocity, and configuration setting as well as considerations for future aircraft concepts. 
	Thus the thesis objective is to: 
	∙ 
	∙ 
	∙ 
	Develop systems analysis method that combines the aircraft, fight procedure, and component-based noise analysis to design, model, and assess community noise reduction possibilities of advanced operational flight procedures flown by conventional aircraft and aircraft with advanced technologies 

	∙ 
	∙ 
	To exercise the analysis method through the examination of several noise abatement approach and departure procedure concepts performed by conventional aircraft and assessing the community noise impacts compared to standard procedures 

	∙ 
	∙ 
	To exercise the analysis method through the examination of several advanced noise abatement approach procedure concepts enabled by advanced concepts. The particular example is the examination of hybrid electric aircraft implementing windmilling drag on approach and comparing the noise impacts of conventional gas-turbine engine aircraft to showcase the additional noise reduction potential 



	1.6 Thesis Outline 
	1.6 Thesis Outline 
	Given the research goals above, the thesis is structured as follows. 
	Chapter 2 gives background of historical and current trends in community noise surrounding airports. Followed is a summary of the literature of existing noise analysis methods and advanced operational flight procedures that have potential for noise reduction. 
	Chapter 3 describes the framework developed to model advanced operational approach and departure procedures for conventional aircraft. This chapter details the flight profile generation method, the aircraft performance model for turbofan aircraft, the component-based aircraft noise model, and the community noise impact assessment module. It concludes with validation of the noise of several aircraft types against existing certification data. 
	Chapter 4 details case studies of performance and noise of some of the advanced operational flight procedures that were first introduced in chapter 2 as performed by conventional aircraft. Results are compared against aircraft performing standard flight procedures to quantify the noise benefit potential of the concepts. 
	Chapter 5 is an extension of the framework described in Chapter 3 to include the aircraft performance model for hybrid electric aircraft, the drag model for windmilling engines, and the component-based aircraft noise model including windmilling engine noise. It concludes with validation of the windmilling drag model and an assessment of the modeled windmilling fan noise. 
	Chapter 6 is an examination of several case studies involving the use of the windmilling drag concept with hybrid electric aircraft. Performance and noise for each procedure due to both standard turbofan aircraft and hybrid electric aircraft are compared to quantify the noise benefit potential of these concepts. 
	Chapter 7 draws conclusions of the thesis, including the potential noise benefits of the procedures assessed with the framework, the identification of the need for validation of the noise impacts of the modeled flight procedures, and the potential for using the windmilling drag concept in advanced operational approach procedures as a noise benefit mechanism for hybrid electric aircraft. 
	Chapter 2 


	Literature Review 
	Literature Review 
	2.1 Primary Aircraft Noise Sources 
	2.1 Primary Aircraft Noise Sources 
	Community noise from aircraft on approach or departure is the unwanted sound heard by observers on the ground that is produced by the aircraft source components. Modeling aircraft noise requires identification of the primary noise sources. Aircraft noise can be divided into two main components: engine noise and airframe noise. The sub-components of engine noise depend on the type of engine. Common aircraft engine types, including those of hybrid electric aircraft, are propeller, turboprop/turboshaft, or tur
	The primary categories of turbofan engine noise are as follows [11]: 
	∙ 
	∙ 
	∙ 
	Fan noise, or noise produced by turbulent air passing over fan blades, noise due to the interactions between fan rotor wakes and stator vanes, and shocks forming at blade tips moving at supersonic speeds; 

	∙ 
	∙ 
	Core noise, or noise produced due to mechanical interactions and vibrations in the compressor, combustor, and turbine, as well as from the combustion of hot gasses in the engine core and subsequent propagation through the turbine; 

	∙ 
	∙ 
	Jet noise, or noise produced from the shear layer between the fast airflow from the jet of the engine mixing with slower ambient air or the bypass stream 


	Propeller engine noise is composed primarily of noise due to or noise produced both by turbulent air passing over the propeller blades and rotational noise due to oscillating pressure as blades through the air [11]. Turboprop/turboshaft engines typically consist of propeller, core, and jet noise. This thesis focuses primarily on aircraft with turbofan engine noise components. 
	Airframe noise comes from turbulence generated by the aircraft airframe, usually around geometry changes. This includes noise from the basic wing and tails, known as trailing edge noise, as well as additional noise from the devices that extend into the airflow such as flaps, slats, and landing gear [11]. 
	Figure 2-1 highlights the primary source noise components for a conventional aircraft with turbofan engines. Detailed descriptions of the aircraft noise sources are presented in section 3.3. 
	Figure
	Figure 2-1: Primary Conventional Turbofan Aircraft Noise Sources, Engine and Airframe 
	Figure 2-1: Primary Conventional Turbofan Aircraft Noise Sources, Engine and Airframe 


	The distribution of engine and airframe noise dominance depends on the aircraft’s flight procedure. An aircraft in the early stages of departure is often in a state of high thrust, low speed, and relatively clean (flaps and slats retracted, landing gear retracted) configuration. This leads to the engine being the dominant noise source compared to the airframe. Thus, on departure, thrust and climb rate management have a significant impact on total noise. On approach, the engines of an aircraft on approach ar
	The distribution of engine and airframe noise dominance depends on the aircraft’s flight procedure. An aircraft in the early stages of departure is often in a state of high thrust, low speed, and relatively clean (flaps and slats retracted, landing gear retracted) configuration. This leads to the engine being the dominant noise source compared to the airframe. Thus, on departure, thrust and climb rate management have a significant impact on total noise. On approach, the engines of an aircraft on approach ar
	while the aircraft is configured with high lift devices and landing gear extended in preparation for landing. Thus, on approach, airframe noise tends to be as loud as or dominate to engine noise, making reduction in or removal of airframe noise sources significant for overall noise reduction on approach. 

	Noise consists of pressure waves over a wide range of amplitudes and frequencies. Noise intensity is measured in units of decibel (dB), which is a logarithmic ratio of the actual sound pressure level (SPL) to the threshold of hearing of 20 𝜇𝑃 𝑎. While the audible frequency range for humans is 20 Hz to 20,000 Hz, humans are particularly responsive to and annoyed by frequencies in the 2 kHz to 4 kHz range. Thus, different noise metrics are weighted to reflect the significance of certain frequencies. 
	Many factors influence the noise perceived by observers. Noise sources are typically either broadband or tonal in nature. Broadband components are typically associated with random turbulence or mixing that occur over a wide range of frequencies (such as turbulence generated by the airframe components extending into the airflow) while tonal components are associated with periodic steady state movements that excite certain frequencies (such as rotating engine components). 
	Noise emitted from a source decays with the distance between the source and observer due to spherical spreading. Additional factors that will change the magnitude of noise received include atmospheric attenuation and ground reflection. Atmospheric absorption refers to the decrease in noise intensity due to the dissipation of acoustic energy to viscous effects and molecular interactions and is a function of meteorological factors such as temperature, pressure and humidity. Generally higher frequency noise so
	[13] as dry air is more dense and absorbs more acoustical energy than moist air. Temperature impact on attenuation depends on frequency and humidity [13]. Ground effects, terrain, and any additional sound insulation at the observers are also factors. Whether the surface at the observers is acoustically "hard" or "soft" will impact the noise signature at the ground. Acoustically hard surfaces will generally result in stronger reflection of sound waves and depending on the geometry of the sound wave source an
	[13] as dry air is more dense and absorbs more acoustical energy than moist air. Temperature impact on attenuation depends on frequency and humidity [13]. Ground effects, terrain, and any additional sound insulation at the observers are also factors. Whether the surface at the observers is acoustically "hard" or "soft" will impact the noise signature at the ground. Acoustically hard surfaces will generally result in stronger reflection of sound waves and depending on the geometry of the sound wave source an
	constructive or destructive interference of sound waves [14]. Acoustically soft surfaces such as grassy terrain will result in a stronger absorption of sound wave energy. 

	In addition, noise sources add logarithmically. Therefore, if a component is already producing a given amount of noise, every addition of an additional equal noise source results a +3.01 dB increase in total noise, regardless of the magnitude of the noise components. Adding an additional noise source to a system that is below the original system noise will result in little change to the logarithmic sum of all noise components. 
	Some common metrics for representing noise that are used in this thesis are as follows [15]: 
	∙ 
	∙ 
	∙ 
	L𝐴,𝑀 𝐴𝑋 : The maximum A-weighted sound pressure level (L𝐴,𝑀𝐴𝑋 ) heard by an observer during an aircraft’s entire flight. The A-weighting applied to this metric reduces the decibel values of sounds at low frequencies, as the human ear is less sensitive at low frequencies [15]. 

	∙ 
	∙ 
	EPNL: The Effective Perceived Noise Level (EPNL) is built from perceived noise levels, or measures of the human response to sound of constant intensity across the range of frequencies in the audible range. The perceived noise levels are further corrected at specific tones depending on their level above the local ambient sound level and their frequency. For a given observer, the tone-corrected perceived noise levels received during an entire flight event that are within 10 dB from the maximum level received 

	∙ 
	∙ 
	SEL: The Sound Exposure Level (SEL) at a particular observer, similar to EPNL, is an integration in time of noise levels heard from a flight event that are within 10 dB from the maximum sound level, as shown in Figure 2-2. SEL is also a measure of sound intensity and its duration. Rather than being an integration of perceived noise levels however, this metric is an integration of A-weighted sound pressure levels [15]. 

	∙ 
	∙ 
	DNL: The Day Night Average Sound Level (DNL) is the average noise level over a 24-hour period and is computed as shown in equation 2.1 [18]. Ten to the power of the SEL contours of all flights occurring during the day and ten to the power of the SEL contours occurring at night between 10pm and 7am summed with an additional 10 dB are added together and normalized by the 86,400 seconds in a day. DNL is then equal to 10 times the logarithm of this value. 


	Figure
	Figure 2-2: Sound Exposure Level Calculation Representation, Figure by A. Trani [17] 
	Figure 2-2: Sound Exposure Level Calculation Representation, Figure by A. Trani [17] 
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	The 65 dB DNL contour is used by the FAA as the noise threshold below which residential land use is compatible according to 14 CFR Part 150 and below which noise impacts in residential areas are no longer considered "significant" under The National Environmental Policy Act of 1969 (NEPA) [2]. 

	2.2 Aircraft Noise Improvements Since 1969 and Present Considerations 
	2.2 Aircraft Noise Improvements Since 1969 and Present Considerations 
	Increasing traffic of aircraft equipped with engines that were not originally designed for noise suppression in the late 1960’s resulted in great pressure for noise control around airports. 
	This resulted in the creation of Federal Aviation Rule Part 36 (FAR-36) in 1969, which set a limit on the maximum noise levels for certification of new aircraft [19]. With this standard in place, aircraft noise became a significant consideration in engine and aircraft design. One of the major design changes was transitioning from equipping aircraft with turbojets originally designed for military aircraft to equipping them with high-bypass ratio turbofans. This change, which has the benefit of improving prop
	Figure
	Figure 2-3: 85 dB Noise Contour of a 1960s Boeing 727 on Departure Compared to a Modern A320-200, Figure from [11] 
	Figure 2-3: 85 dB Noise Contour of a 1960s Boeing 727 on Departure Compared to a Modern A320-200, Figure from [11] 


	Aircraft noise has continued to decrease as stricter noise standards have been introduced. The cumulative effective perceived noise levels from the three certification locations defined in the Part 36 regulations of new aircraft must fall below thresholds referred to as "stages". These stages which have become stricter over time. Certification noise levels of various aircraft types compared to stage regulations by year are shown in Figure 2-4. 
	Figure
	Figure 2-4: Turbojet Aircraft Noise Certification Levels by Year Compared to Noise Stage Levels, Figure from FAA [20] 
	Figure 2-4: Turbojet Aircraft Noise Certification Levels by Year Compared to Noise Stage Levels, Figure from FAA [20] 


	Since 2003 the Federal Aviation Administration has published over 9000 performance-based-navigation (PBN) procedures through NextGen [21], including area navigation (RNAV) and more precise required navigation performance (RNP) procedures. PBN procedures are precise 3D flight paths utilizing GPS. Aircraft flying PBN procedures save time and fuel compared to traditional ground-based radar navigation and air traffic control can have greater confidence in routing aircraft and placing routes closer together give
	PNB procedures have been implemented at airports such as Seattle-Tacoma (SEA) [23], Charlotte Douglas (CLT) [24], and Boston Logan (BOS) [25] through the implementation of NextGen. While they have yielded benefits in efficiency and throughput at these airports, an unexpected noise challenge has arisen due to the concentration of once well spread flights into concentrated tracks. It has become evident that some PBN procedures have potential unintended consequences for community noise impact [26]. 
	Figure
	Figure 2-5: Concentration of Flight Tracks out of Runway 33L at BOS with the Introduction of RNAV (a) and Decrease in DNL 65 dB Noise Contour at BOS by Year (b), Figures from Massport [27] 
	Figure 2-5: Concentration of Flight Tracks out of Runway 33L at BOS with the Introduction of RNAV (a) and Decrease in DNL 65 dB Noise Contour at BOS by Year (b), Figures from Massport [27] 


	(a) (b) 
	Figure 2-5 (a) above shows the concentration of flight tracks out of RWY 33L at BOS with the introduction of RNAV procedures. As shown in Figure 2-5 (b), the population exposed to BOS’s 65 dB DNL noise contour has actually decreased significantly since 1990 [27]. However, as shown by the map of complaints around BOS in 2015-2016 in Figure 2-6 below, in the regions extending far from the BOS 65 dB DNL contours, beneath both the concentrated departure and arrival tracks, there are a large number of locations 
	Increased precision of aircraft navigation technologies has allowed several operational benefits such as improved safety, reduced ATC workload, higher runway throughput, reduced fuel burn, better terrain avoidance, and lower approach minimums [28]. However, the noise concentration has lead to community opposition and frustration around the U.S. [29]. 
	Figure
	Figure 2-6: Complaint Locations Filed at BOS during 2015-2016 Overlaid on 12 days of Departure Tracks (a) and Arrival Tracks (b), Figures from Massport [27] 
	Figure 2-6: Complaint Locations Filed at BOS during 2015-2016 Overlaid on 12 days of Departure Tracks (a) and Arrival Tracks (b), Figures from Massport [27] 


	(a) (b) 
	Given the desire to continue the implementation of NextGen due to the benefits in efficiency and predictability that it provides, PBN procedures will likely continue to be used but will require alternative management methods so that they comply with noise reduction efforts. Ideally, PBN technology and procedures can be used to reduce overflight noise while retaining operational benefits. Flight procedure adjustments and further advancements in aircraft design may be the path forward for continued noise redu

	2.3 Existing Aircraft Noise Models 
	2.3 Existing Aircraft Noise Models 
	Many aircraft noise models exist that offer varying degrees of flexibility, speed, and applicability to advanced aircraft configurations or flight procedures. In the past aircraft noise models that focused primarily on engine noise or steady state operating conditions within a few nautical miles from runway ends were sufficient because engine noise was the dominant source component and many noise regulations are focused near the airport. However, as was described in section 2.2, not only have engines gotten
	One technique for evaluating the noise due to approaching and departing aircraft is 
	One technique for evaluating the noise due to approaching and departing aircraft is 
	the Noise-Power-Distance (NPD) based approach. In the NPD approach, aircraft noise is empirically determined via an interpolation of noise data tables. An example are the curves represented in Figure 2-7, where noise is interpolated as a function of thrust and distance between the observer and aircraft. An NPD method is implemented in the Aviation Environmental Design Tool (AEDT), which is the standard tool in the US to provide FAA stakeholders with environmental impact information [12]. The Civil Aviation 

	Figure
	Figure 2-7: Sample NPD Curves for an Airbus A300 
	Figure 2-7: Sample NPD Curves for an Airbus A300 


	The empirical data used in NPD methods is collected from approach and departure procedure measurements in different performance states for a given aircraft and engine combination. In AEDT, the NPD curves are specified for aircraft at various power settings in both approach and departure, with approach curves provided in an approach condition with flaps and landing gear extended. Changes in airspeed are reflected in the calculation of duration based metrics such as SEL, however noise source magnitude as a fu
	Noise modeling methods that model source noise impacts of various components as a function of more detailed aspects of a flight procedure (such as speed or configuration changes) address these limitations. One method to do this is with higher-fidelity NPD data sets that reflect changes in speed or configuration as desired for modeling. Georgia Tech is developing methods to incorporate variables such as speed and configuration into existing NPD sets [31]. Models with more extensive databases that represent m
	In general, methods relying on noise databases are limited to the flight procedure conditions corresponding to when the noise levels were measured as well as the aircraft and engines available within their databases. Alternative methods include noise component based modeling provide functions representing relationships between noise and physical characteristics of the aircraft state rather than databases corresponding to specific aircraft or engines. 
	An example component based model that uses a combination of semi-empirical and physics based methods for assessing noise is the NASA Aircraft Noise Prediction Program (ANOPP) [34]. Modules within ANOPP include methods to model standard engine sources, such as fan, core, jet, propeller sources, as well as trailing edge, landing gear, flap, and slat airframe sources at a user-defined observer grid for a single event flight procedure. Prediction methods are based on noise data measurements combined with physic
	An example component based model that uses a combination of semi-empirical and physics based methods for assessing noise is the NASA Aircraft Noise Prediction Program (ANOPP) [34]. Modules within ANOPP include methods to model standard engine sources, such as fan, core, jet, propeller sources, as well as trailing edge, landing gear, flap, and slat airframe sources at a user-defined observer grid for a single event flight procedure. Prediction methods are based on noise data measurements combined with physic
	such as a windmilling engine, can be incorporated as inputs to the program. 

	Another example component noise model developed by DLR is the Parametric Aircraft Noise Analysis Module (PANAM) [32]. PANAM predicts noise for aircraft on arbitrary approach and departures and is composed of semi-empirical engine and airframe source noise methods. These include the jet noise method by Stone [35] and the fan noise method by Heidmann [36], which are also implemented in ANOPP. Methods for the airframe components were developed at DLR via wind tunnel of Airbus A320/A340 family aircraft geometri
	These methods are useful as a stand alone for analyzing component-level aircraft noise. However an extensive set of inputs are required for modeling of different aircraft configurations or advanced flight procedures. Modeling component level noise from such functions requires detailed information about the aircraft geometry, engine performance states, and flight profiles. These parameters must be obtained from external data or modeling sources that also accurately represent how they are related to each othe
	Example systems and frameworks have been formulated that incorporate aircraft performance information with the component based noise methods. The conceptual level aircraft design environment SUAVE from Stanford has incorporated ANOPP into an aircraft conceptual design process with acoustic constraints based on certification points [45]. A framework was created for the Silent Aircraft Initiative–the goal of which was to design an aircraft that has an imperceptible noise footprint outside of the airport perim
	Example systems and frameworks have been formulated that incorporate aircraft performance information with the component based noise methods. The conceptual level aircraft design environment SUAVE from Stanford has incorporated ANOPP into an aircraft conceptual design process with acoustic constraints based on certification points [45]. A framework was created for the Silent Aircraft Initiative–the goal of which was to design an aircraft that has an imperceptible noise footprint outside of the airport perim
	analyzing unconventional aircraft configurations with numerical methods for aerodynamic and structural analysis, and flight simulation tools to model aircraft noise at the conceptual design phase as well as to be able to examine noise abatement flight procedures. 


	2.4 Noise Abatement with Advanced Operational Flight Procedures 
	2.4 Noise Abatement with Advanced Operational Flight Procedures 
	Several noise abatement flight procedure concepts have been proposed and assessed in the literature. These include both lateral profile adjustments and vertical profile adjustments. 
	2.4.1 Lateral Profile Adjustments for Noise Abatement 
	2.4.1 Lateral Profile Adjustments for Noise Abatement 
	Lateral profile adjustments, or change in the aircraft horizontal flight track, can be used for noise abatement if designed to avoid overflying noise sensitive communities. Several examples of lateral track adjustments so that the number of people impacted by fly over events is minimized have been examined for various airports [47][3][1][48]. 
	The design of procedure tracks is limited by the design criteria for different navigation technologies. The criteria for procedure design are given in the US Standard for Terminal Information Procedures (TERPS) [49]. Relevant aspects of approach criteria design include fix-to-fix leg length, required obstacle clearance, final approach segment length, and glidepath angle [47]. RNP Authorization Required (RNP-AR) technology allows for horizontal flight path designs that are less restrictive than RNAV flight p
	∘ 
	∘

	The total equipage levels are also an important consideration for procedure design and air traffic considerations. Although RNP-AR procedures have advantages in flexibility of design, in the United States National Air Space, only about 50% of the aircraft fleet are 
	The total equipage levels are also an important consideration for procedure design and air traffic considerations. Although RNP-AR procedures have advantages in flexibility of design, in the United States National Air Space, only about 50% of the aircraft fleet are 
	equipped with RNP-AR technology; while greater than 95% of the aircraft fleet are RNAV equipped [50]. 

	An example procedure consisting of a lateral track adjustment for noise abatement is presented for the arrival into Runway 22L at BOS. Because BOS is near water, one method of providing noise abatement is over-water RNAV and RNP procedures. Figure 2-8 the standard ILS approach path into BOS Runway 22L. Beyond 5 nmi from the runway threshold, the flight track is concentrated over land during the standard 22L ILS final approach. 
	An alternative RNAV approach concept with an RNP overlay to Runway 22L at BOS is also shown in Figure 2-8. Figure 2-8 also shows the population density per square mile taken from 2010 census data plotted on land. Aircraft on the standard ILS approach procedure into Runway 22L overfly a region of 50,000+ population/square mile near the VOCUS waypoint. The proposed procedure instead incorporates a turn over the Nahant Causeway and a 15intercept with the final approach segment. Compared to the standard ILS app
	∘ 

	Figure
	Figure 2-8: Lateral Profile Adjustment Example, BOS 22L RNAV Approach with RNP Overlay; Figure from [3] 
	Figure 2-8: Lateral Profile Adjustment Example, BOS 22L RNAV Approach with RNP Overlay; Figure from [3] 


	Another example of lateral profile adjustments includes returning to the dispersed flight 
	Another example of lateral profile adjustments includes returning to the dispersed flight 
	tracks similar to the pre-RNAV conditions as seen in Figure 2-5 (a). Doing so redistributes noise for communities, potentially benefiting some while potentially dis-benefiting others. BOS is one airport where such dispersion concepts have been examined [51] [3]. 

	While lateral profile adjustments for particular airports and runways may provide opportunity for noise abatement, airspace constraints and aircraft separation criteria limit the extent to which tracks that can be moved for noise abatement. Additionally, redistributing noise has the potential to dis-benefit some communities. 

	2.4.2 Vertical Flight Profile Adjustments for Noise Abatement 
	2.4.2 Vertical Flight Profile Adjustments for Noise Abatement 
	Vertical profile adjustments, or adjustments to the aircraft’s altitude, velocity, thrust, or configuration profile, are also methods for noise abatement. Vertical profile adjustments can be carried out both on departure and approach. 
	Thrust Management Departures 
	Thrust Management Departures 
	Vertical profile adjustments for departure often focus on thrust, climb rate, and altitude adjustments given that the cleaner configuration and higher engine power in these procedures results in the noise being dominated by the engine. 
	While procedures vary by airline, a typical departure profile in the US consists of an initial high thrust climb segment to a transition altitude, usually between 1,000 and 2,000 feet above ground level, followed by a thrust reduction and acceleration segment to a target climb speed, typically 250 kts below 10,000 feet. This thrust reduction is recommended for noise reduction in ICAO document 8168 [52]. After the thrust reduction and as the aircraft accelerates, the flaps are incrementally retracted until t
	An additional departure procedure that results in a steep initial climb profile is 
	An additional departure procedure that results in a steep initial climb profile is 
	performed by maintaining high thrust and the initial takeoff speed during the procedure [1], as shown in Figure 2-9. Such a procedure may have less noise benefit close to the airport, but potential benefit further from the airport due to the higher altitude of the departing aircraft. 

	Figure
	Figure 2-9: Profile for a High Thrust Steep Climb Compared to a Standard Departure, Figure from [1] 
	Figure 2-9: Profile for a High Thrust Steep Climb Compared to a Standard Departure, Figure from [1] 


	Additional variations of departure climb profiles for noise mitigation have been assessed. One example is of a high thrust initial climb followed by a cutback compared to standard departures at Boston Logan International Airport [5]. John-Wayne Airport in Santa Ana, California utilizes a similar high thrust initial departure followed by a cutback after 800 ft in order to meet the noise regulations at the airport [53]. Behere et al. assessed various vertical departure procedure modifications for specific air

	Continuous Descent and Steeper Approaches 
	Continuous Descent and Steeper Approaches 
	In conventional approach procedures, aircraft descend and decelerate relatively early in the approach and fly level segments until interception with the ILS glide slope and finally touching down. As a result, aircraft may fly in dirty, high thrust configurations at low altitudes for longer in the approach profile than necessary, creating noise for the communities below [56]. Alternatives to the standard approach procedure keep aircraft high, cleanly 
	In conventional approach procedures, aircraft descend and decelerate relatively early in the approach and fly level segments until interception with the ILS glide slope and finally touching down. As a result, aircraft may fly in dirty, high thrust configurations at low altitudes for longer in the approach profile than necessary, creating noise for the communities below [56]. Alternatives to the standard approach procedure keep aircraft high, cleanly 
	configured, and at low thrust for as long as possible to reduce both engine and airframe noise. 

	Continuous Descent Approaches (CDAs) are an example of an altitude management procedure for noise abatement. During CDAs, aircraft maintain a continuous glide path from initial descent before intercepting the ILS glide slope. Figure 2-10 shows a comparison of a CDA versus a standard approach with level segments. 
	Figure
	Figure 2-10: Continuous Descent Approach Concept Compared to a Conventional Approach with Level Segments, Figure from [57] 
	Figure 2-10: Continuous Descent Approach Concept Compared to a Conventional Approach with Level Segments, Figure from [57] 


	CDA procedures have been assessed in the literature. This includes the work of Clarke et al. [58], who assessed CDA procedures for noise reduction at Louisville International Airport. A helical noise abatement procedure where the aircraft approaches the airport at a high altitude and performs a spiralling descent to the runway has also been examined at DLR [59]. CDA procedures have also been implemented at various airports; for example, they account for the majority of arrivals at London Heathrow Airport [6
	Additional variations of CDAs, such as steeper approaches where aircraft descend at higher than the standard 3descent angle, and two-segment approaches, where aircraft are flown at steeper decent angles enabled by their performance capabilities before intersecting with the ILS glide slope, increase the altitude between the aircraft and population even greater extents, depending on the achievable descent angle. These concepts are diagrammed in Figure 2-11. 
	∘ 

	Figure
	Figure 2-11: Steep and Two-Segment Approach Concepts Compared to a 3Continuous Descent Approach, Figure from [1] 
	Figure 2-11: Steep and Two-Segment Approach Concepts Compared to a 3Continuous Descent Approach, Figure from [1] 
	∘ 



	Steeper descent approaches have also been examined in the literature, including the noise impacts of an aircraft performing a 3.77descent compared to a 3descent [1]. The noise benefits of steeper descents have also been examined experimentally during a steep approach demonstration study at London Heathrow Airport [61], where aircraft following a 3.2glide slope were shown to have a reduced noise signature of about 1 dB compared to aircraft flying 3glide slopes. Visser et al. also examined optimal descent pro
	∘ 
	∘ 
	∘ 
	∘ 


	Delayed Gear Approaches 
	Delayed Gear Approaches 
	Another example of vertical profile adjustment is profile management to delay the onset of configuration noise. As indicated in section 4.3.2, delaying gear deployment can have a significant impact reducing approach noise. An example delayed gear approach is shown in Figure 2-12. In this example, rather than deploying gear at 1,700 ft, landing gear deployment is conceptually delayed until 1,000 ft where aircraft are required to be fully configured and at the final approach velocity. 
	Figure
	Figure 2-12: Delayed Gear Deployment Concept 
	Figure 2-12: Delayed Gear Deployment Concept 


	Delayed gear deployment has the potential for noise reduction due to both the delay of gear noise as well as noise due to any associated reduced thrust. DLR has examined a continuous descent approach procedure concept with delayed landing gear extension [32] studied with PANAM. 

	Delayed Deceleration Approaches 
	Delayed Deceleration Approaches 
	An additional alteration of the vertical profile that may have a noise benefit is velocity and high lift device deployment management. This is done in Delayed Deceleration Approach procedures (DDAs), diagrammed in Figure 2-13. Compared to a standard approach, where aircraft decelerate and deploy flaps and slats early and maintain required higher than idle thrust through these segments, in delayed deceleration approaches the aircraft maintains the initial approach speed until a closer distance to touchdown, 
	Figure
	Figure 2-13: Delayed Deceleration Approach Concept, Figure from [56] 
	Figure 2-13: Delayed Deceleration Approach Concept, Figure from [56] 


	Prior analyses have shown that the reduced flight time and thrust during this procedure yields significant reductions in fuel burn [56]. An example of this is shown in Figure 2-14. As can be seen in Figure 2-14, flight recorder data for Airbus A320 flights associated with lower airspeeds versus distance to touchdown were also associated earlier flap deployment, higher thrust settings, and higher fuel burn. 
	Figure
	Figure 2-14: Airbus A320 Fuel Burn and Performance Profiles, Figure from [56] 
	Figure 2-14: Airbus A320 Fuel Burn and Performance Profiles, Figure from [56] 


	In addition to fuel burn reduction, the reduced thrust and delay of deployment of required high lift devices also has the potential for noise reduction. These benefits have lead to the development of pilot assistance systems such as the Low Noise Augmentation System (LNAS) at DLR [63]. This system was designed to show the pilots the optimal moments to retract flaps with minimum thrust in the approach so that the lowest noise and fuel burn can be achieved. 



	2.5 Noise Reduction Opportunities of Advanced Configurations 
	2.5 Noise Reduction Opportunities of Advanced Configurations 
	Various advanced configuration concepts can be implemented to reduce aircraft noise at the vehicle level. These include both direct modifications to reduce noise for various sources as well as hybrid or electrified aircraft configurations that may not be specifically designed for noise reduction but have noise reduction potential. 
	2.5.1 Quiet Drag Concepts 
	2.5.1 Quiet Drag Concepts 
	Performing advanced operational noise abatement approaches often requires considering whether or not the aircraft will have adequate drag to control its deceleration profile. Traditionally, this drag is provided by spoilers, high lift devices, or landing gear. However, the trailing edge flap noise, as well as noise due to blunt bodies such as landing gear interacting with the airflow can add significant airframe noise [5] [64]. Releasing gear is a common method by pilots to dissipate aircraft energy on appr
	One method for which the noise benefits of continuous descent, steeper, and delayed configuration approaches could be realized is by equipping aircraft with alternative sources of drag that are quieter than traditional drag-generating aircraft components. Several concepts that reduce the crevices of high-lift devices and landing gear and thereby reducing noise sources attributed to flow disruption have been studied. One example is the use of continuous mould-line technology that provides noise reduction by 
	Another quiet drag concept separate from alterations from high lift devices and landing gear is the “engine air brake” concept proposed by Shah [68]. This concept creates drag in a traditional turbofan engine through the use of deployable non-rotating vanes behind a fan pumping stage that swirl the exit flow and create a momentum deficit. Such devices were shown conceptually to produce enough drag to enable an increase in glideslope from 3to 6for several aircraft. 
	∘ 
	∘ 

	A third potentially quiet alternative drag concept is to reduce the rotation rate of the engine fan or propeller to that of windmilling conditions. This condition also creates a momentum deficit behind the engine. The physical mechanism of drag production by a windmilling or low RPM fan is shown conceptually in Figure 2-15, which shows diagrams of the resultant forces on fan blades in different RPM operations. As Figure 2-15 shows, in a windmilling condition, the rotational velocity Ω𝑟 at a blade section i
	the freestream velocity 

	full electric aircraft configurations. 
	If the noise of windmilling engines is low enough such that they have little impact the logarithmic sum of the noise of the remaining components of the aircraft, then they can be considered valuable for implementing steep approaches or for increasing deceleration rate and thus replacing the need to use noisier drag devices during descent, as diagrammed in Figure 2-16. 
	Figure
	Figure 2-16: Using Windmilling Engines as Drag Generators on Descent Concept 
	Figure 2-16: Using Windmilling Engines as Drag Generators on Descent Concept 


	(a) High RPM, Thrust Producing (b) Windmilling Low RPM, Drag Producing 
	Operating at in windmilling conditions also removes the residual idle thrust that limits the maximum rate of descent for aircraft with standard gas-turbine engines. Another advantage to obtaining drag via windmilling is that it requires no installation of additional blades to the baseline engine, and thus would not impact the normal operation of the engine. Varying the engine friction torque and thus the windmilling rotation rate can also control the amount of windmilling drag obtained. 
	Noise of Windmilling Engines 
	The literature provides some insight on the potential noise of using engines as drag devices. For example, with the “engine-air brake” the noise produced by flow entering a wind tunnel model engine nacelle with installed vanes that swirled the exit flow was found to produce less than 48 dB when extrapolated to a full-scale engine at an observer location of 120 meters from the source, depending on the vane blade angle [68]. Further extrapolation for this “engine air brake” concept, assuming noise would scale
	The literature provides some insight on the potential noise of using engines as drag devices. For example, with the “engine-air brake” the noise produced by flow entering a wind tunnel model engine nacelle with installed vanes that swirled the exit flow was found to produce less than 48 dB when extrapolated to a full-scale engine at an observer location of 120 meters from the source, depending on the vane blade angle [68]. Further extrapolation for this “engine air brake” concept, assuming noise would scale
	engine, showed that the addition of a fan pumping the vanes to increase drag would increase the noise to about 80 dB at the same location depending on the engine assumed. Such noise was reported be about 6 to 9 dB below the total source noise for various aircraft on approach, and thus was assumed to have minimal impact to the total aircraft noise [68]. 

	Few studies have reported the noise of windmilling engines. However, one study from NASA wind tunnel experiments carried out to determine the acoustics characteristics of a 2-foot diameter propeller showed that the noise generated when the propeller was in a windmilling condition was not detectable compared to the tunnel background noise [70]. Noise data was also obtained from a series of tests to examine broadband fan noise of a Boeing 18 in fan rig, conducted in the Boeing Low-Speed Aeroacoustics Facility
	These few studies suggest that the noise of drag generating engines is variable depending on the specific configuration and operating condition. As the engine air brake study showed, operating engines in off-design conditions could cause flow instability and subsequent increase in noise [68]. However, these noise sources are also potentially below typical commercial aircraft noise levels and thus may be viable concepts for enabling noise abatement steep approaches and delayed deceleration or configuration p

	2.5.2 Background on Hybrid Electric Aircraft 
	2.5.2 Background on Hybrid Electric Aircraft 
	Windmilling or low-RPM engines are potential methods for obtaining drag that doesn’t contribute significantly to the total aircraft noise signature while enabling aircraft to perform advanced approach procedures with noise abatement capabilities beyond those of standard aircraft. However, because combustion must be maintained a standard gas-turbine engine, fans of standard engines cannot be operated at rotation rates low enough to produce drag with their engines. Instead, idle thrust is produced at the lowe
	Overview of Hybrid Electric Aircraft—Current Advantages and Challenges 
	Overview of Hybrid Electric Aircraft—Current Advantages and Challenges 
	Hybrid electric aircraft are those that have traditional gas turbine engines replaced with some amount of electric propulsion. The amount of electric propulsion may vary. For example, the Boeing SUGAR (Subsonic Ultra Green Aircraft Research) Volt aircraft concept contains turboelectric fans that are supplemented or entirely powered by electricity after initial climb [8]. Airbus, Rolls-Royce, and Siemens have proposed a demonstrator with one turbofan replaced by an electric fan to test E-Fan X hybrid electri
	aircraft concepts being proposed in industry and academia [76]. 
	1

	Figure
	(a) SUGAR Volt Concept, (b) NASA STARC-ABL (c) E-Fan X Hybrid Electric 
	Figure from NASA/ The Turboelectric Concept, Figure Demonstrator Concept, Figure Boeing Company [80] from NASA [80] from Airbus [81] 
	Figure 2-17: Example “Electrified” Aircraft Concepts 
	Despite being a relatively new concept, the potential benefits of hybrid electric aircraft have been detailed in literature. Besides the benefits of less hydrocarbon fuel burned [82] [83], hybrid electric aircraft also provide some avenues for improvements in aircraft performance. For example, electric motors can be used to supplement power for combustion engine aircraft during high thrust portions of flight such as takeoff and climb, thus enabling the engine design to be optimized for the cruise portions o
	Hybrid electric aircraft present source noise reduction opportunities compared to aircraft powered by traditional gas turbine engines. For example, blade tip speed and jet exit velocity can be reduced when utilizing several smaller propulsors in a distributed propulsion concept 
	Various entities have published goals to make aircraft less environmentally polluting. These include the European Commission’s Flightpath 2050 Vision for Aviation towards sustainable transports, which includes a reduction of COby 75%, NO𝑥 by 90% and noise by 65% [77]. NASA has published similar N+3 goals with the intent to foster research into more environmentally friendly technologies such as those that result in a reduction in fuel burn of 70% relative to the state of the art 2006 era reference aircraft,
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	[86] [73] instead of a few larger engines, as well as can be strategically placed on the airframe for noise shielding [88]. Distributed propulsion concepts that improve airframe performance may also enable an airframe size reduction [75] and a subsequent reduction in airframe noise. These factors have more impact with increasing degree of hybridization, which also has an overall impact on aircraft performance. 
	Various studies have examined noise reduction via combined conceptual design and noise abatement operational procedure adjustments that take advantage of electric and hybrid aircraft technologies. For example, a low noise departure mode where blade pitch angle is increased, thereby enabling propeller tip speed and subsequent noise to be reduced, has been suggested that can be accomplished with electric or hybrid electric general aviation aircraft [89]. Certain electric motors deliver maximum shaft power ove
	While having many benefits, hybrid electric aircraft are faced with challenges. The primary inhibitor is that the specific energy available in current battery technology is a limiter in the size and range of electric aircraft [91]. Batteries currently have on the order of 50 times lower specific energy than liquid fuels. For comparison, Jet-A fuel has a specific energy of approximately 11,900 Whr/kg while lithium-ion batteries have approximately 200 Whr/kg 
	[92] with various studies for novel lithium ion batteries in the 2035 timeframe predicted to be in the 700 to 2,000 Wh/kg range [87]. The Breguet range equation shows that aircraft range is directly proportional to fuel energy density, and thus for the same range, a fully battery powered aircraft would be significantly heavier than a liquid fuel powered aircraft for the same 
	[92] with various studies for novel lithium ion batteries in the 2035 timeframe predicted to be in the 700 to 2,000 Wh/kg range [87]. The Breguet range equation shows that aircraft range is directly proportional to fuel energy density, and thus for the same range, a fully battery powered aircraft would be significantly heavier than a liquid fuel powered aircraft for the same 
	range. Additionally, there are weight penalties due to the addition of electrical components and electrical storage devices in hybrids [84], which may further limit range compared to similarly sized aircraft powered by traditional gas turbine engines. These drawbacks limit the possible missions that hybrid electric aircraft can perform. 

	Use of windmilling engines on hybrid electric aircraft have been considered potential methods for energy regeneration to recharge a battery on approach. A study reported by Barnes also studied the regenerative flight concept for electric aircraft [93]. The study showed that while regenerative electric flight was possible for an electric self-launching sailplane configuration, 3 minutes of regeneration on descent was needed to recover the energy expended for every 1 minute of cruise [93]. A second conceptual
	Despite the challenges facing hybrid and full electric aircraft in their competitiveness in the civil aviation industry that strives for long endurance vehicles, the opportunity these aircraft provide to reduce emissions is worth considering. 

	“Electrified” Propulsion Systems for Hybrid Electric Aircraft 
	“Electrified” Propulsion Systems for Hybrid Electric Aircraft 
	Several forms of electrified propulsion systems have been proposed, with some examples highlighted in Figure 2-17, each with various propulsion system configurations. Diagram representing various forms of an electrified propulsion systems for aircraft is shown in Figure 2-18. 
	Figure
	Figure 2-18: Electrified Propulsion Systems 
	Figure 2-18: Electrified Propulsion Systems 


	A standard turbofan engine, as shown in Figure 2-18 (a), receives mechanical energy from a turboshaft that is mechanically connected to a propulsor. Electrified engines may have a series of electrical components supplying energy to the propulsor, with or without a turboshaft. The primary components represented in Figure 2-18 include: a generator which converts mechanical shaft power to alternating current (AC) electrical power, a rectifier which converts AC power to direct current (DC) electrical power, an 
	In hybrid electric engines, propulsors obtain power from both a turboshaft and battery source. In a series hybrid electric engine (Figure 2-18 (b)), motors supply electrical energy from the turboshaft and battery to the propulsors. In a parallel hybrid electric engine (Figure 2-18 (c)), mechanical power is supplied to a propulsor when a motor and turbo-generator operate on the same shaft. 
	For a partial or fully turbo-electric architecture as diagrammed in Figure 2-18 (c), a turboshaft is the sole energy source that supplies energy to a generator. Electrical energy 
	For a partial or fully turbo-electric architecture as diagrammed in Figure 2-18 (c), a turboshaft is the sole energy source that supplies energy to a generator. Electrical energy 
	from the generator is distributed to one or more propulsors. 

	Finally, in a fully electric architecture, one or more propulsors receive all power from a battery. In this thesis, a hybrid electric or “electrified” aircraft will refer to aircraft equipped with a form of the propulsion architecture shown in Figure 2-18 that includes electrically-powered propulsors. 
	When sizing electrified engines, the technology level assumptions of the electric components must be considered. Future self-cooled motors and generators for flight applications have been estimated to have a max continuous power in the 1-2.5 MW class [94][95]. Power densities of motors have been predicted with Conservative estimates by the NSF at 9 kW/kg and 98 percent efficiency [94] and more optimistic estimates by NASA of 13-16 kW/kg and up to 99 percent efficiency in the 2035 time frame [95]. Power conv
	Superconducting motors and generators, which loose electrical resistance below a critical temperature and thus can carry high currents and thus have maximum shaft powers up to 35 MW and approximately 30 kW/kg power density, have also been predicted for applications in the 2050 time frame, such as the NASA N3-X turboelectric hybrid-wing-body aircraft [73]. Superconducting power converters have also been predicted to have similar power densities [73]. Cryocoolers are needed for such machines in order to achie
	Compared to a traditional gas-turbine powered aircraft propulsors, electrically-powered propulsors offer more flexibility in propulsion architecture. While rotation speed of a propulsor is coupled to the rotation speed of the turbine in a standard turbofan, DC architectures such as those shown in Figure 2-18 have electrically powered propulsors that are disconnected from the turbine speed [76]. Additionally, because electrically powered propulsors are not mechanically connected to a turboshaft, a single tur
	Compared to a traditional gas-turbine powered aircraft propulsors, electrically-powered propulsors offer more flexibility in propulsion architecture. While rotation speed of a propulsor is coupled to the rotation speed of the turbine in a standard turbofan, DC architectures such as those shown in Figure 2-18 have electrically powered propulsors that are disconnected from the turbine speed [76]. Additionally, because electrically powered propulsors are not mechanically connected to a turboshaft, a single tur
	is most beneficial when the entire boundary layer is ingested, which is more effectively accomplished with a series of propulsors distributed along the wing than one large propulsor [87]. Additionally, propulsor weight has been shown to scale approximately with volume (length cubed) while mass flow rate scales with area (length squared) [87]. The result is that a single large propulsor will weigh more than a series of small propulsors with the same total frontal area and thus the same thrust. 

	Configurations with electrically-powered propulsors can also offer advantages in scenarios requiring quick power demand compared to gas-turbine engines, as there is a decrease in the lag in spool-up time [96]. This precision is ideal for a windmilling engine concept for descent controllability on approach. Additionally, the hybrid electric architecture would enable windmilling electrically-powered propulsors to act as generators that can recharge the battery during descent. 
	Chapter 3 




	Framework for Analyzing Performance and Noise of Advanced Operational Flight Procedures of Conventional Aircraft 
	Framework for Analyzing Performance and Noise of Advanced Operational Flight Procedures of Conventional Aircraft 
	To analyze performance and community noise of advanced operational approach and departure procedures for conventional aircraft, the framework shown in Figure 3-1 is implemented. The core of this framework is the Aircraft Noise Module, where noise due to both airframe and engine components is modeled using a source noise prediction method. The method used in this framework is NASA’s Aircraft NOise Prediction Program (ANOPP) [34]. ANOPP was selected due to its modularity, described in section 3.3, enabling th
	The Flight Profile Generation Module converts a flight procedure definition into the 
	The Flight Profile Generation Module converts a flight procedure definition into the 
	details of the flight profile needed for source noise modeling, given flight performance. Flight procedures are defined by the aircraft’s lateral track combined with a vertical profile defined by the segment-by-segment constraints to the altitude, configuration, velocity, or thrust as a function of lateral track position. Secondary vertical profile parameters, which are implied from the specified constraints (e.g. thrust level to achieve a required climb constraint), are determined by the Flight Profile Gen

	Engine noise is modeled via correlations that account for changes in internal engine performance states (e.g. fan rotational speed, internal engine temperatures, and jet exit velocity). These engine states, which vary with the thrust and flight velocity throughout the flight profile, are obtained from the Transport Aircraft System OPTimization (TASOPT) program 2.16 [98] within the Aircraft Performance Module. TASOPT is a physics-based model that jointly optimizes the airframe, engine, and flight trajectory 
	Airframe noise is modeled via correlations that account for airframe geometry, obtained from publicly available geometry data [99], and changes in configuration and velocity throughout the flight profile. 
	3.1.1 Flight Performance from BADA 4 
	3.1.1 Flight Performance from BADA 4 
	Flight performance characteristics from the Aircraft Performance Module are obtained from the Eurocontrol Base of Aircraft Data Family 4 (BADA 4) [97], a database of aircraft performance parameters obtained from aircraft manufacturers. The flight performance parameters for each aircraft available in the database include the maximum takeoff and landing weight (MTOW and MLW), the maximum takeoff and landing roll length, idle and max climb thrust verses velocity and altitude, the maximum takeoff thrust, the fu
	operation velocity, the maximum lift coefficient (C
	function of C


	3.1.2 Internal Engine Performance Maps and Geometry from TASOPT 
	3.1.2 Internal Engine Performance Maps and Geometry from TASOPT 
	The internal engine performance maps needed for the Aircraft Noise Module are obtained from the Transport Aircraft System OPTimization (TASOPT) program [4]. Geometry outputs such as wing area and span, tail area and span, and engine fan diameter needed for the Aircraft Noise Module are also obtained from TASOPT. TASOPT is an aircraft design tool that jointly optimizes the airframe, engine, and flight trajectory of a "tube and wing" transport aircraft using first-principles physics based methods, rather than
	TASOPT requires aircraft mission inputs, configuration inputs, and engine technology level inputs to size an aircraft. These can be matched to an existing aircraft type’s specifications from external data when modeling an existing aircraft or be modified to desired requirements for a future aircraft concept. The required inputs, and how they are used for 
	TASOPT requires aircraft mission inputs, configuration inputs, and engine technology level inputs to size an aircraft. These can be matched to an existing aircraft type’s specifications from external data when modeling an existing aircraft or be modified to desired requirements for a future aircraft concept. The required inputs, and how they are used for 
	sizing an aircraft in TASOPT, are as follows: 

	1. 
	1. 
	1. 
	The aircraft’s mission inputs include the aircraft’s number of passengers and weights per passenger, maximum range, start of cruise altitude, cruise Mach number, and load limits. The weight per passenger is assumed to follow standard average passenger weights listed in Advisory Circular 120-27E [101] while the aircraft load limits follow the minimum required structural load limits described in 14 CFR 25.333 and 25.337 [102]. The remaining parameters are readily available for existing aircraft types in exter

	2. 
	2. 
	The aircraft configuration inputs define the tube-and-wing aircraft configuration. 


	The configuration inputs include the shape definition of the wings and tails, such as the sweep, aspect ratio, taper ratio, thickness-to-chord ratio, and tail volumes, as well as historical weight fractions for secondary wing components such as the slats, flaps, etc. These parameters are assigned to the wings and tails, which are then sized to survive critical bending loads at the maximum allowable load limit cases. The internal size of the wing also gives the maximum fuel volume. 
	The configuration inputs also include the geometry of the fuselage such as the fuselage diameter, fuselage length, height of the fuselage floorboard, and location of aircraft sub-components along the length of the fuselage such as the auxiliary power unit location and the landing gear location. The fuselage skin, stringers, and floor are then sized assuming the aircraft is a pressure vessel to meet various loading scenarios, while the weights of secondary components such as windows, seats, etc. are estimate
	Aerodynamic performance is also modeled assuming that lifting forces balance weight while drag balances thrust, with thrust computed as a power balance [4]. A parameterized transonic airfoil family spanning a range of thicknesses is used to obtain airfoil lift and drag performance that is applied to the 3-dimensional wing. The fuselage drag is obtained from viscous/inviscid CFD based on the user-supplied fuselage geometry. Nacelle drag is obtained assuming it is a power dissipation based 
	Aerodynamic performance is also modeled assuming that lifting forces balance weight while drag balances thrust, with thrust computed as a power balance [4]. A parameterized transonic airfoil family spanning a range of thicknesses is used to obtain airfoil lift and drag performance that is applied to the 3-dimensional wing. The fuselage drag is obtained from viscous/inviscid CFD based on the user-supplied fuselage geometry. Nacelle drag is obtained assuming it is a power dissipation based 
	on the nacelle’s exterior velocity distribution. Finally, overall drag is predicted using a Trefftz-Plane analysis. 

	The configuration parameters needed for the fuselage, wing, and tail sizing are obtained from detailed aircraft technical drawings found within airport planning guides for existing aircraft, while the weight fractions are typically held constant at historical values. 
	3. The engine technology level inputs are used to determine the engine performance. 𝑇𝑡, the design point bypass ratio, and the design point pressure ratios and efficiencies of the various engine components. TASOPT uses a work balance-based component matching formulation [19] based on the layout shown in Figure 3-3 to size the engine. The method is used to obtain the engine areas, temperatures, pressures, and mass flow rates at the various stations within a turbofan. The engines are sized for start of crui
	These inputs include the engine’s maximum turbine inlet temperature 
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	Figure
	Figure 3-3: Turbofan Engine Layout used in TASOPT’s Engine Sizing [4] 
	Figure 3-3: Turbofan Engine Layout used in TASOPT’s Engine Sizing [4] 


	Many of the engine technology level inputs, such as overall pressure ratio and fan pressure ratio, can be obtained from publicly available engine data [100] for a specific engine. Some properties such as maximum turbine inlet temperature can be approximated based on historical engine charts of turbine inlet temperature versus overall pressure ratio, bypass ratio, and specific fuel consumption such as that in 
	Figure
	Figure 3-4. Remaining engine technology level inputs that aren’t directly obtainable from publicly available resources, primarily engine component efficiencies, are held at constant values across various aircraft types. 
	Figure 3-4. Remaining engine technology level inputs that aren’t directly obtainable from publicly available resources, primarily engine component efficiencies, are held at constant values across various aircraft types. 


	Figure 3-4: Turbofan Specific Fuel Consumption Variation with Bypass Ratio (𝜇), Turbine Entry Temperature (TET), and Overall Pressure Ratio, Figure from [100] 
	Given all of the inputs described above, TASOPT carries out the remainder of the aircraft sizing as follows: 
	5. 
	5. 
	5. 
	The various weights and locations of the aircraft and the overall aircraft pitching moment from the aerodynamic analysis are used to enforce pitch stability, which then sets the locations of the aircraft tails. 

	6. 
	6. 
	The aircraft mission trajectory including takeoff, climb, cruise, and descent is computed on a segment-by-segment basis assuming a cruise-climb at a fixed cruise Mach number, cruise lift coefficient, and cruise turbine inlet temperature. Takeoff turbine inlet temperature inputs are used to set the climb profile while a descent angle constraint results in the turbine inlet temperature on descent becoming an output. Balance field length requirements are also checked in a takeoff performance model. 

	7. 
	7. 
	In a sizing loop, a guess in the initial fuel weight varied until the resulting range from the trajectory generation equals the initial inputted design range. An aircraft that meets the mission requirements given the aircraft configuration inputs and the engine technology level inputs is thus sized. 



	3.1.3 Geometry Outputs from External Sources 
	3.1.3 Geometry Outputs from External Sources 
	There are additional geometry details required for the aircraft noise model that aren’t sized in TASOPT and thus are obtained from external data for existing aircraft. The method for how these are used for aircraft source noise modeling is explained in section 3.3. These geometry details include: 
	∙ 
	∙ 
	∙ 
	The flap system spans, chords, side edge thicknesses, and deflection angles (defined in [43]) 

	∙ 
	∙ 
	The slat system spans, chords, gap width of the slat cove, and deflection angles (defined in [41]) 

	∙ 
	∙ 
	The main and nose landing gear geometry, including the number of wheels and struts, the tire diameter and width, and the lengths and diameters of the struts and any exposed linkages (defined in [44]) 

	∙ 
	∙ 
	The fan internal geometry, including the number of fan blades and stator vanes, and the rotor-stator spacing. 


	Flap and slat plan-form geometry can be measured from aircraft technical drawings, whereas deflection angles for each configuration setting are obtained from pilot forums. Landing gear geometry can be extensive and is therefore obtained from photographs of the gear. Example measured landing gear geometry for a Boeing 737-800 and 777-200 can be found in NASA CR 2005-213780 [44]. Internal fan geometry can be obtained from Jane’s All the Worlds Engines [100]. 
	For estimates of noise of future aircraft, flap and slat span, chord, and edge thickness of a similarly sized existing aircraft are scaled proportionally by the wing geometry of the future aircraft. Landing gear geometry is sized based on commercial off the shelf tire and wheel ratings, such as those shown in Figure 3-5, that can support the future aircraft weight. Landing gear strut lengths for future aircraft are adjusted as necessary to ensure ground clearance for wing mounted engines and to prevent a ta
	Figure
	Figure 3-5: Commercial and Military Landing Gear Tire Ratings, from Airplane Design, R. H. Liebeck [103] 
	Figure 3-5: Commercial and Military Landing Gear Tire Ratings, from Airplane Design, R. H. Liebeck [103] 



	3.2 Flight Profile Generation Module 
	3.2 Flight Profile Generation Module 
	Given the flight procedure definition and the aircraft flight performance, the Flight Profile Generation Module models the flight profile. The flight procedure definition specifies the desired aircraft takeoff or approach operation. The flight procedure definition is inputted as the ground track plus a series of constraints for each segment of the procedure. The outputted flight profile is the altitude, thrust, velocity, configuration, and lateral position per time and is inputted to the Aircraft Noise Modu
	Though not the focus of this thesis, fuel burn per time is also outputted from the flight profile generation and can be used to examine additional benefits or potential trade-offs in fuel burn to consider with the design of a modified procedure for noise abatement. It can also be used to model secondary emission effects such as carbon dioxide produced. 
	These inputs and outputs are are detailed in Figure 3-6. 
	Figure
	Figure 3-6: Flight Profile Generation Module Detailed Inputs and Outputs 
	Figure 3-6: Flight Profile Generation Module Detailed Inputs and Outputs 


	Modeling within the Flight Profile Generator is as follows: on a segment-by-segment basis, with the weight and configuration of the aircraft also specified for each segment, and the flight performance given from BADA 4, force-balance and kinematics are used to determine either: the required thrust from a flight path angle (or glideslope) and velocity change constraint; the resulting flight path angle (or glideslope) from a thrust and velocity change constraint; or the resulting velocity change from a flight
	This segment-by-segment approach is based on a force-balance kinematics point-mass model shown in Figure 3-7. 
	Figure
	Figure 3-7: Force-balance Approach to Calculate Each Profile Segment from Procedure Definitions 
	Figure 3-7: Force-balance Approach to Calculate Each Profile Segment from Procedure Definitions 


	Based on the model shown in Figure 3-7, the acceleration of the aircraft along the direction of flight is given by the sum of the forces in the direction of flight divided by the mass of the aircraft shown in Equation 3.1. 
	(︂∑︀ )︂ (︂ )︂ 
	𝐹 𝑜𝑟𝑐𝑒𝑠 𝑇 ℎ𝑟𝑢𝑠𝑡 + 𝑊 𝑒𝑖𝑔ℎ𝑡 * 𝑠𝑖𝑛(𝛾) − 𝐷𝑟𝑎𝑔 
	𝑎 = = (3.1)
	𝑚 𝑊 𝑒𝑖𝑔ℎ𝑡/𝑔 
	With the acceleration of the aircraft known, the distance traveled along the aircraft’s 𝑠𝑖 − 𝑠𝑖−1, or the change in altitude, 𝑧𝑖 − 𝑧𝑖−1, given a change in velocity 𝑉𝑖 − 𝑉𝑖−1 can be determined from kinematics, shown in Equation 3.2. 
	flight path, 

	(︂ )︂ (︂)︂ 
	𝑉− 𝑉 𝑧− 𝑧
	𝑖 
	2 
	−1 
	2 
	𝑖 
	2 
	−1 
	2 

	𝑖 𝑖 
	= 𝑠𝑖−1 − 𝑠𝑖 = (3.2)
	2𝑎 
	𝑠𝑖𝑛(𝛾) 

	In addition, a takeoff or landing roll includes the friction from the runway. A landing roll may also include reverse thrust. The diagrams for these cases are shown in Figure 3-8. 
	Figure
	Figure 3-8: Force-balance Approach for Takeoff-Roll (a) and Landing Roll (b) to Calculate Each Profile Segment for Profile Definitions 
	Figure 3-8: Force-balance Approach for Takeoff-Roll (a) and Landing Roll (b) to Calculate Each Profile Segment for Profile Definitions 


	(a) (b) 
	A typical segment structure used for departure procedures is shown in Figure 3-9. There 𝑉, a high thrust initial climb 𝑉+15 knots, acceleration segments where the aircraft has cutback to climb thrust and flaps are incrementally retracted, and a climb segment at or below the maximum allowable speed below 10,000 ft of 250 knots. 
	is an initial high thrust takeoff roll to takeoff safety speed 
	2
	segment with retracted gear and acceleration to 
	2

	Figure
	Figure 3-9: Example Segment Structure for a Departure Procedure 
	Figure 3-9: Example Segment Structure for a Departure Procedure 


	This structure for a departure procedure can then defined such that the altitude versus position profile matches the mean altitude profile from a set of radar data such as Airport Surface Detection Equipment, Model X (ASDEX) data, an example of which is shown in 
	This structure for a departure procedure can then defined such that the altitude versus position profile matches the mean altitude profile from a set of radar data such as Airport Surface Detection Equipment, Model X (ASDEX) data, an example of which is shown in 
	Figure 3-10. The required thrust that satisfies this altitude profile, as constrained by the aircraft weight, drag, and assumed velocity and configuration changes, can be modeled during each segment. 

	Figure
	Figure 3-10: ASDEX Boeing 737-800 Radar Altitude Departure Data Over 20 Days in 2017 from all Runways at BOS 
	Figure 3-10: ASDEX Boeing 737-800 Radar Altitude Departure Data Over 20 Days in 2017 from all Runways at BOS 


	A typical segment structure for approach procedures is shown in Figure 3-11. There is an initial descent segment from a starting altitude and velocity, a series of deceleration segments where flaps are deployed, a series of final approach segments consisting of an intercept with the Instrument Landing System (ILS) glideslope followed by segments where the aircraft deploys gear, deploys landing flaps, and then maintains a constant configuration and landing 𝑉𝑅𝐸𝐹 to the ground, and a landing roll segment w
	reference speed 

	Figure
	Figure 3-11: Example Segment Structure for an Approach Procedure 
	Figure 3-11: Example Segment Structure for an Approach Procedure 


	This structure for an approach procedure can then defined such that the altitude versus position profile matches the mean altitude profile and the velocity profile from ASDEX radar data, such as that shown in Figure 3-12 and Figure 3-13. 
	Figure
	Figure 3-12: ASDEX Boeing 737-800 Radar Altitude Approach Data into Runway 4R at BOS in 2017 
	Figure 3-12: ASDEX Boeing 737-800 Radar Altitude Approach Data into Runway 4R at BOS in 2017 


	Figure
	Figure 3-13: ASDEX Boeing 737-800 Radar Velocity Approach Data into Runway 4R at BOS in 2017 
	Figure 3-13: ASDEX Boeing 737-800 Radar Velocity Approach Data into Runway 4R at BOS in 2017 


	Because the configuration changes the aircraft drag model, it is necessary to estimate where the flap, slat, and gear changes that occur in these procedures. For departure procedures an aircraft is assumed to have retracted flaps when it has accelerated above the minimum safe airspeed for each configuration at the modeled departure weight. The 𝑉𝑠𝑡𝑎𝑙𝑙, where 𝑉𝑠𝑡𝑎𝑙𝑙 corresponds 𝐶𝐿,𝑚𝑎𝑥 speed in each configuration from BADA 4. For approach procedures, an aircraft is assumed to have deployed fla
	minimum safe airspeeds of each were assumed to be 1.3 times 
	to the 
	obtained from BADA 4. 
	2 
	times 

	For fuel burn assessments, the Flight Profile Generation method also provides the total fuel burn during the duration of the flight profile based on fuel flow rate from BADA 4, which is a function of thrust, velocity, and altitude. 

	3.3 Component-Based Aircraft Noise Module 
	3.3 Component-Based Aircraft Noise Module 
	The Component-Based Aircraft Noise Module for conventional aircraft, shown in Figure 5-7, determines the engine and airframe source noise and propagation using models from ANOPP. 
	The internal engine performance states are inputted to the engine source noise models and are interpolated from the internal engine performance maps from TASOPT at each thrust, velocity, and altitude state of the flight profile. The velocity and configuration profiles and the airframe geometry from TASOPT and external sources are inputted to the airframe noise model. 
	Source noise in ANOPP is modeled as mean square acoustic pressure over the 1/3 octave band noise spectrum from 50 Hz to 10 kHz. The mean square acoustic pressure is also modeled for the range directivity angles representing the lower hemisphere of the aircraft. Modeled engine and airframe source noise is summed together at all frequencies and directivity angles at each segment in the flight profile. Propagation of this total source noise to the surface is modeled given the altitude and position profile, cre
	Figure
	Figure 3-14: Component-Based Aircraft Noise Module Inputs and Outputs Each of the source noise and propagation models and inputs are described below. 
	Figure 3-14: Component-Based Aircraft Noise Module Inputs and Outputs Each of the source noise and propagation models and inputs are described below. 


	3.3.1 Turbofan Engine Source Noise Modeling 
	3.3.1 Turbofan Engine Source Noise Modeling 
	Turbofan engine source noise is modeled using the ANOPP engine source noise models given the internal engine performance characteristics of the aircraft as a result of the thrust, velocity, and altitude state at each segment of the flight profile. The specific internal engine noise parameters required for this framework are determined from the following models: 
	∙ 
	∙ 
	∙ 
	Fan noise (for existing turbofan aircraft) within this framework is modeled by ANOPP’s Heidmann Fan Noise model [36], which is applicable to high bypass ratio turbofan engines. This method assumes fan noise is produced by turbulent air passing over fan blades and is related to the specific work across the fan, which is proportional to the temperature rise across the fan, and mechanical power, which is proportional to the 𝑇 𝑡𝑓𝑎𝑛,𝑒𝑥𝑖𝑡 -𝑇 𝑡𝑓 𝑎𝑛,𝑖𝑛𝑙𝑒𝑡) and mass 𝑚𝑓𝑎𝑛,𝑒𝑥𝑖𝑡, 𝑚˙ 𝑓𝑎𝑛,𝑖
	mass flow rate through the fan. The temperature rise (
	flow rate through the fan (
	˙ 


	∙ 
	∙ 
	Core noise within this framework is modeled by ANOPP’s Combustion Noise model [34], which is based on the original method by Emmerling [104] and detailed with modifications in the SAE ARP876 method [105] for predicting combustion noise from turboshaft, turbojet, and turbofan engines and subsequent propagation through the turbine. This method assumes combustion noise results from the mass density and momentum fluctuation in the combustor due to unsteady burning [104]. It is 𝑝𝑡𝑐𝑜𝑟𝑒,𝑖𝑛𝑙𝑒𝑡), temperat
	proportional to the pressure (



	Figure
	Figure 3-16: (a) Turbofan Engine Layout Used in TASOPT’s Engine Model, (b) Example Outputted Engine Performance Map at Each Engine Component Station for a Boeing 737-800 at a Climb Mach number of 0.4713, Thrust of 62.051 kN/engine, and Altitude of 8,375 ft 
	Figure 3-16: (a) Turbofan Engine Layout Used in TASOPT’s Engine Model, (b) Example Outputted Engine Performance Map at Each Engine Component Station for a Boeing 737-800 at a Climb Mach number of 0.4713, Thrust of 62.051 kN/engine, and Altitude of 8,375 ft 


	(a) (b) 
	The engine performance inputs to ANOPP are determined from the internal engine performance maps from TASOPT as follows: 
	𝑚˙ 𝑓𝑎𝑛,𝑖𝑛𝑙𝑒𝑡 = 𝑚𝑐𝑜𝑟𝑒 * (𝐵𝑃 𝑅 + 1) 
	𝑉𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 𝑢𝑙𝑜𝑐6 𝑇 𝑡𝑓𝑎𝑛,𝑖𝑛𝑙𝑒𝑡 = 𝑇 𝑡𝑙𝑜𝑐2 
	𝑀𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 𝑀𝑙𝑜𝑐6 𝑅𝑃 𝑀 = 𝑁 1 * (𝑅𝑃 𝑀𝐹 𝑎𝑛,𝑀𝑎𝑥) 
	𝐴𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 𝐴𝑙𝑜𝑐6 𝑚˙ 𝑓𝑎𝑛,𝑒𝑥𝑖𝑡 = 𝑚𝑐𝑜𝑟𝑒 * (𝐵𝑃 𝑅) 
	𝑇 𝑡𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 𝑇𝑙𝑜𝑐6 * (1 + 0.5(𝛾 − 1)𝑀
	2 

	𝑙𝑜𝑐6𝑇 𝑡𝑓𝑎𝑛,𝑒𝑥𝑖𝑡 = 𝑇 𝑡𝑙𝑜𝑐7 𝑚𝑐𝑜𝑟𝑒 
	) 

	𝜌𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 
	𝜌𝑗𝑒𝑡,𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 
	𝐴𝑙𝑜𝑐6 * 𝑢𝑙𝑜𝑐6
	𝐴𝑙𝑜𝑐6 * 𝑢𝑙𝑜𝑐6

	𝑇 𝑡𝑐𝑜𝑟𝑒,𝑖𝑛𝑙𝑒𝑡 = 𝑇 𝑡𝑙𝑜𝑐3 
	𝑉𝑗𝑒𝑡,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 𝑢𝑙𝑜𝑐8 

	𝑝𝑡𝑐𝑜𝑟𝑒,𝑖𝑛𝑙𝑒𝑡 = 𝑝𝑡𝑙𝑜𝑐3 
	𝑝𝑡𝑐𝑜𝑟𝑒,𝑖𝑛𝑙𝑒𝑡 = 𝑝𝑡𝑙𝑜𝑐3 
	𝑀𝑗𝑒𝑡,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 𝑀𝑙𝑜𝑐8 

	𝑚˙ 𝑐𝑜𝑟𝑒 = 𝑚𝑐𝑜𝑟𝑒 − 𝑚𝑐𝑜𝑜𝑙 𝐴𝑗𝑒𝑡,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 𝐴𝑙𝑜𝑐8 
	𝑇 𝑡𝑐𝑜𝑟𝑒,𝑒𝑥𝑖𝑡 = 𝑇 𝑡𝑙𝑜𝑐4 
	𝑇 𝑡𝑐𝑜𝑟𝑒,𝑒𝑥𝑖𝑡 = 𝑇 𝑡𝑙𝑜𝑐4 
	𝑇 𝑡𝑗𝑒𝑡,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 𝑇𝑙𝑜𝑐8 * (1 + 0.5(𝛾 − 1)𝑀
	2 

	𝑙𝑜𝑐8
	) 


	𝑇 𝑡𝐿𝑃 𝑇,𝑖𝑛𝑙𝑒𝑡 = 𝑇 𝑡𝑙𝑜𝑐4.5 
	𝑚𝑐𝑜𝑟𝑒 
	𝜌𝑗𝑒𝑡,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑠𝑡𝑟𝑒𝑎𝑚 = 
	𝐴𝑙𝑜𝑐8 * 𝑢𝑙𝑜𝑐8
	𝐴𝑙𝑜𝑐8 * 𝑢𝑙𝑜𝑐8

	𝑇 𝑡𝐿𝑃 𝑇,𝑒𝑥𝑖𝑡 = 𝑇 𝑡𝑙𝑜𝑐4.9 
	77 

	3.3.2 Airframe Source Noise Modeling 
	3.3.2 Airframe Source Noise Modeling 
	Airframe source noise is modeled given flight velocity and configuration maintained in the flight profile and airframe geometry that is obtained from publicly available aircraft geometry data [99]. Trailing edge noise of the clean wing and tail is modeled in ANOPP using the Fink Airframe noise model [40]. Configuration noise from the leading edge slats, trailing edge flaps, and landing gear is modeled with the Boeing Airframe noise model [107]. The theory and required airframe geometry parameters for these 
	∙ Wing and tail trailing edge noise is assumed due to convection of the turbulent boundary layer past the trailing edges and is modeled based on the Fink method 
	[40] that was derived from airframe noise measurements from the 1970s [108] [109] of multiple aircraft in flaps up, gear up, idle thrust configurations, at flight speeds up to 350 knots. The clean wing overall sound pressure level (OASPL) according to Fink’s method is represented by equation 3.3. 
	(︂ )︂ (︂)︂ (︂ )︂
	2

	𝑉 𝛿𝑤𝑏𝑤 𝑐𝑜𝑠𝜑𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 
	𝑂𝐴𝑆𝑃 𝐿 = 50𝑙𝑜𝑔 + 10𝑙𝑜𝑔 + 10𝑙𝑜𝑔 + 𝐶 + 𝐾 (3.3)
	2 
	100𝑘𝑡 ℎ
	2 

	𝑡ℎ power of the flight velocity V, a geometry term consisting 𝛿𝑤, the wing span 𝑏𝑤, and the over flight height h, and a directivity factor where 𝜃 and 𝜑 are directivity angles. The flight test data also showed a residual variability for different aircraft types which was suggested to be due to variability in wing surface aerodynamic smoothness between high performance sailplanes and conventional aircraft. To represent the residual variability, suggested to be due to variability in wing surface smooth
	OASPL is a function of the 5
	of the wing boundary layer thickness 

	sailplanes. The term C in equation 3.3 represents an additional offset that corrects for units. Clean tail noise is modeled similarly with variation in the geometry, directivity, and C terms. Recent data and expert recommendations indicates the aerodynamically smooth wing surface assumption is likely more appropriate for modern jet aircraft [110] that may have smoother airframes than the aircraft used in the 1970s flight tests. 
	∙ Leading edge slat noise in the Boeing Airframe noise model [107] is attributed to 
	unsteady flow and pressure fluctuations in the slat cove [41]. It scales with the slat 𝑡ℎ
	to 6

	span, slat chord, slat sweep, slat gap from the wing, and approximately the 5power of velocity. 
	𝑡ℎ 

	∙ 
	∙ 
	∙ 
	Flap side-edge noise in the Boeing Airframe noise model [107] is assumed due to interactions between vorticies and the flap side edges and is based on the method by Guo [43]. It scales with the 5power of velocity for low frequencies and the 6power of velocity for high frequencies and depends on the flap span, chord, sweep, thickness, deflection angle, and whether the edge is isolated or abutted. 
	𝑡ℎ 
	𝑡ℎ 


	∙ 
	∙ 
	Landing gear noise in the Boeing Airframe noise model [107] is assumed due to the wake shedding of the deployed gear, the exposed components of which act as bluff bodies. It is based on the method by Guo [44] [42]. This method enables a detailed examination of noise due to not only the stock strut of the gear, but also the additional structural members of the gear assembly and wheels given their dimensions. Noise in this method scales with the 6power of velocity. 
	𝑡ℎ 




	3.3.3 Noise Propagation and Noise Metric Modeling 
	3.3.3 Noise Propagation and Noise Metric Modeling 
	ANOPP’s noise propagation and noise metric modules are used to model the propagation of the source noise to user-specified sample grid points on the ground, given the engine and airframe source noise throughout the flight profile. After the source noise components are summed for each flight segment, the source noise is broken into emission time elements in the flight profile. The distance and directivity angles between the aircraft and each sample grid point are modeled for each emission time, along with th
	ANOPP’s noise propagation and noise metric modules are used to model the propagation of the source noise to user-specified sample grid points on the ground, given the engine and airframe source noise throughout the flight profile. After the source noise components are summed for each flight segment, the source noise is broken into emission time elements in the flight profile. The distance and directivity angles between the aircraft and each sample grid point are modeled for each emission time, along with th
	applying a spherical spreading and an acoustic impedance in air corrections to the source mean square acoustic pressures produced during the emission time and at the directivity angles associated with each grid point and reception time. Sound intensity loss due to atmospheric attenuation is also computed assuming losses due to thermal and viscous effects that are a function of temperature, pressure, and humidity as well as distance between the emitted noise at the source and the observer on the ground [111]

	The availability of mean square acoustic pressure in frequency and time at the observers enables the integration of these pressures over the frequency spectra at each sample grid point to obtain A-weighted sound pressure levels and perceived noise levels for each time segment 𝐿𝐴,𝑀𝐴𝑋 ) at 𝐿𝐴,𝑀𝐴𝑋 . The A-weighted sound pressure levels and perceived noise levels can also be integrated in time to produce Sound Exposure Level (SEL) and Effective Perceived Noise Level (EPNL) metrics. 
	received at the grid points. The maximum A-weighted sound pressure levels (
	each sample grid point is determined to assess the flight procedure in terms of 



	3.4 Noise Impact Metric Module 
	3.4 Noise Impact Metric Module 
	In order to model community noise impacts, single event flyover noise grids are coupled with airport geometry, the surrounding population distribution, and the schedule of departures and arrivals for each type of aircraft in the aircraft fleet, as diagrammed in Figure 3-17. The single event flyover noise grids can be rotated such that the lateral tracks of their associated flight profiles are aligned with the runways according to the airport geometry. 
	variety of thrust, velocity, and configuration settings, and provides the ability for procedure design for minimization of noise impact to specific communities given the geometry of the airport and population of interest. 

	3.5 Validation of Noise Results of Turbofan Aircraft with Existing Certification Data 
	3.5 Validation of Noise Results of Turbofan Aircraft with Existing Certification Data 
	The framework was used to model noise and performance of existing turbofan aircraft and results were compared to publicly available noise certification data of existing aircraft types. FAR Part 36 [16] certification data at three specific observer locations with aircraft flying three specific flight procedures is publicly available from the Federal Aviation Administration (FAA) [112] and the European Aviation Safety Agency (EASA) [113]. Each aircraft flies the procedures and at the weights shown in Figure 3
	Table 3.1: Summary of Inputs and Solved-for Unknowns to Generate Thrust, Velocity, Configuration, and Flightpath Angle Profiles for each Certification Procedure 
	Procedure 
	Procedure 
	Procedure 
	Certification Procedure Definition from FAA Part 36 [16] 
	Inputs Based on Procedure Definitions Provided with Obtained from Certification Noise BADA 4 Levels [112] 
	Unknowns Solved in Flight Profile Generation Module 

	Flyover 
	Flyover 
	∙ Max Takeoff Weight ∙ Configuration: Takeoff Flaps, Gear Up ∙ Speed: 𝑉2+10 ∙ Before 300 m altitude: Max Takeoff 
	∙ Max Takeoff ∙ Drag for Gear Weight Up, Takeoff ∙ Takeoff Flaps Flaps Setting Configuration ∙ Max Takeoff ∙ 𝑉2 Thrust Rating 
	∙ Before 300 m altitude: Climb Angle ∙ After 300 m altitude: Required Thrust 

	TR
	Thrust 

	TR
	∙ After 300 m altitude: 

	TR
	4% climb gradient 


	Lateral 
	∙ 
	∙ 
	∙ 
	Max Takeoff Weight 
	∙ 
	Max Takeoff 
	∙ 
	Drag for Gear 

	∙ 
	∙ 
	Configuration: 
	Weight 
	Up, Takeoff 

	TR
	Takeoff Flaps, Gear 
	∙ 
	Takeoff Flaps 
	Flaps 

	TR
	Up 
	Setting 
	Configuration 

	∙ 
	∙ 
	Speed: 𝑉2+10 
	∙ 
	Max Takeoff 
	∙ 
	𝑉2 

	∙ 
	∙ 
	Thrust: Max Takeoff 
	Thrust Rating 


	∙ Climb Angle 
	Approach 
	∙ 
	∙ 
	∙ 
	Max Landing Weight 

	∙ 
	∙ 
	Configuration: Landing Flaps, Gear Down 

	∙ 
	∙ 
	Speed: 𝑉𝑅𝐸𝐹 +10 ∙ GlideSlope: 3
	∘ 



	∙ ∙ 
	∙ ∙ 
	∙ ∙ 
	Max Landing Weight Landing Flaps Setting 
	∙ 
	Drag for Gear Up, Landing Flaps Configuration 
	∙ 
	Required Thrust 

	TR
	∙ 
	𝑉𝑅𝐸𝐹 


	thrust ratings for each aircraft were obtained from the aircraft performance provided with 𝑉and 𝑉𝑅𝐸𝐹 , shown in Figure 3-18, were defined from stall 𝐶𝐿,𝑚𝑎𝑥 data from BADA 4. 𝑉was assumed equal to 1.2 times 𝑉𝑆𝑡𝑎𝑙𝑙 in takeoff configuration and 𝑉𝑅𝐸𝐹 equal to 1.3 times 𝑉𝑆𝑡𝑎𝑙𝑙 in landing configuration. 𝐿,𝑚𝑎𝑥 for each configuration. Additionally, drag polars for each configuration and aircraft were obtained in BADA 4. 
	the certification noise levels [112]. 
	2 
	speeds which were derived from 
	2 
	These stall speeds were assumed to correspond to when the aircraft is operating at 
	𝐶

	Results are presented in Figure 3-19. An agreement within -2.2 to 3.7 dB between the noise results obtained from ANOPP and the certification data was found for each of these six aircraft and the three observer locations, with many of the measurements agreeing within 1 dB of the recorded value. The flyover and approach results on average match the recorded values more closely than the high thrust lateral cases. It should be noted that the certification data is taken at slow airspeeds corresponding to final a
	To provide a comparison of these results obtained with this framework with another noise tool used for airport community noise assessments, the Aviation Environmental Design Tool (AEDT), the same flight procedures were modeled in AEDT and results are shown in Figure 3-19. An agreement within -3.7 to 7.5 dB was found between the AEDT results and certification data across all aircraft and observer locations, indicating overall the results modeled in ANOPP have less variability from the certification data than
	Figure
	Figure 3-19: EPNL (dB) for Several Aircraft Types Modeled in ANOPP and AEDT 2b and Compared to Noise certification Data 
	Figure 3-19: EPNL (dB) for Several Aircraft Types Modeled in ANOPP and AEDT 2b and Compared to Noise certification Data 


	Chapter 4 


	Advanced Operational Flight Procedures of Conventional Aircraft—Evaluation of the Impact of Flight Path Angle and Speed on Community Noise 
	Advanced Operational Flight Procedures of Conventional Aircraft—Evaluation of the Impact of Flight Path Angle and Speed on Community Noise 
	In this chapter, the framework presented in chapter 3 is used to evaluate the noise impacts of several advanced operational flight procedures flown by conventional aircraft. Specifically, the procedure modifications examined show the impacts of changing aircraft flight path angle and speed during approach and departure on community noise for transport category jet aircraft. 
	Example opportunities to modify aircraft altitude and speed on both typical departure procedures and typical approach procedures are identified. Example flight procedures with altitude and/or speed modifications for each case and resulting community noise impacts are also presented. Flight trials of approach procedures with altitude and flight speed modifications conducted during the Boeing ecoDemonstrator program in November 2019 are also shown. Finally, for procedures where significant noise reductions we
	Example opportunities to modify aircraft altitude and speed on both typical departure procedures and typical approach procedures are identified. Example flight procedures with altitude and/or speed modifications for each case and resulting community noise impacts are also presented. Flight trials of approach procedures with altitude and flight speed modifications conducted during the Boeing ecoDemonstrator program in November 2019 are also shown. Finally, for procedures where significant noise reductions we
	changing aircraft altitude or speed, the operational implications and limitations of those procedures are also discussed. 

	For each arrival and departure procedure evaluated, the community noise impact was modeled for a representative narrow body jet transport aircraft (a Boeing 737-800 with CFM56-7B engines) and a representative wide body jet transport aircraft (a Boeing 777-300 with Trent 892 engines for departure examples and a Boeing 777-200 with PW4077 engines was used for approach examples). 
	4.1 Impact of Aircraft Flight Path Angle and Speed on Aircraft Source Noise 
	4.1 Impact of Aircraft Flight Path Angle and Speed on Aircraft Source Noise 
	As mentioned in chapter 3, the primary sources of noise from aircraft are engine and airframe noise. Historically jet engine noise has been the dominant noise source particularly during high power settings on takeoff. Modern engines have become significantly quieter and airframe noise has become increasingly important during landing and for some reduced power settings. Aircraft speed impacts engine and airframe noise differently, as discussed briefly below. 
	4.1.1 Impact of Flight Path Angle and Speed on Engine Noise 
	4.1.1 Impact of Flight Path Angle and Speed on Engine Noise 
	Engine noise arises primarily due fan, core, and jet noise. Fan noise arises due to turbulent air passing rotating fan blades and stator vanes [36], core noise arises due to the combustion of hot gasses in the engine core and subsequent propagation through the turbine [105], and jet noise arises primarily due to the turbulent mixing of fast jet exhaust airflow with slower ambient air [106]. In general, the engine noise will increase with increased power setting. On departure, an increase in climb angle to o

	4.1.2 Impact of Flight Path Angle and Speed on Airframe Noise 
	4.1.2 Impact of Flight Path Angle and Speed on Airframe Noise 
	Airframe noise arises from turbulence generated by the aircraft airframe, usually around geometry changes. This includes noise from the basic wing and tails, known as trailing edge noise, as well as additional noise from the devices that extend into the airflow such as flaps, slats, and landing gear. All of these airframe noise sources are highly sensitive to aircraft speed. Clean trailing edge and slat noise scales with velocity to the 5power [40][41]. Flap noise scales with the 5power of velocity for low 
	th 
	th 
	th 
	th 

	In addition to the source noise effect described above, speed is also tightly coupled to aircraft flight aerodynamics and thus impacts the configuration of the aircraft (i.e. flaps, slats, and landing gear settings). At slower speeds, the flaps and slats are extended to reduce the stall speed which will also cause an increase in airframe noise. In addition, increasing flight path angle on descent tends to require more drag and thus requires extending drag generating devices such as flaps, slats, and gear wh


	4.2 Effect of Aircraft Flight Path Angle and Speed on Departure 
	4.2 Effect of Aircraft Flight Path Angle and Speed on Departure 
	4.2.1 Options to Change Aircraft Flight Path Angle and Speed on Departure 
	4.2.1 Options to Change Aircraft Flight Path Angle and Speed on Departure 
	A typical departure procedure is shown in Figure 4-1 to provide a basis of comparison to consider how varying flight path angle and speed on departure would impact community noise. In a typical departure, the aircraft accelerates on the runway and performs its initial climb segment at a predetermined takeoff thrust and at an initial takeoff speed. The initial takeoff speed is set by safety and performance considerations and is dependent on aircraft weight to provide stall margin. Because of the criticality 
	After reaching a transition altitude, usually between 1,000 ft and 2,000 ft, the thrust is reduced to a climb setting and the aircraft accelerates to a target climb speed. The thrust reduction is recommended for noise reduction in ICAO document 8168 [52]. The target climb speed is typically 250 knots, which is the maximum speed permitted below 10,000 ft in the United States. After the thrust reduction and as the aircraft accelerates, the flaps are incrementally retracted until the wing is in its flaps and s
	Figure
	Figure 4-1: Typical Departure Procedure Divided into Segments, Consistent with NADP 2 
	Figure 4-1: Typical Departure Procedure Divided into Segments, Consistent with NADP 2 


	There are two primary options to consider for varying flight path angle and speed in the departure phase after the takeoff and initial climb segment: 
	∙ 
	∙ 
	∙ 
	Changing location of the start of acceleration and flap retraction 

	∙ 
	∙ 
	Reducing the climb speed 

	∙ 
	∙ 
	Changing the climb angle 



	4.2.2 Changing Location of the Start of Acceleration and Flap Retraction 
	4.2.2 Changing Location of the Start of Acceleration and Flap Retraction 
	Modifying the acceleration and flap retraction location has been considered previously. ICAO has recommended two procedures that consider where the location of the start acceleration 
	Modifying the acceleration and flap retraction location has been considered previously. ICAO has recommended two procedures that consider where the location of the start acceleration 
	and flap retraction occurs in ICAO document 8168 published in 2006 [52]. They are Noise Abatement Departure Procedures (NADP) 1 and 2, shown in Figure 4-2. These procedures are used as examples to show how modifying the location of the start acceleration and flap retraction impacts community noise. 

	In the NADP 1, after the initial thrust reduction at a cutback altitude, typically between + 20 knots to an altitude of 3,000 ft. At 3,000 ft, the aircraft accelerates to its final climb speed of 250 knots. In the NADP 2, after the transition altitude, the aircraft accelerates to either its flaps up speed + 20 knots or its final climb speed. The NADP 2 is the standard procedure in the United States and NADP 1 is the standard procedure internationally. 
	800 ft and 1,500 ft, the aircraft holds its initial climb speed of up to V
	2 

	The altitude gain of the NADP 1 between the thrust cutback altitude and 3,000 ft due + 20 knots is meant to benefit close in communities, while the altitude gain in the NADP 2 after the aircraft has accelerated to its final climb speed is meant to benefit far out communities. 
	to holding V
	2 

	Figure
	Figure 4-2: Difference in Acceleration Height on Departure Represented by NADP 1 (3,000 ft acceleration height) and NADP 2 (1,500 ft Acceleration Height) Comparison 
	Figure 4-2: Difference in Acceleration Height on Departure Represented by NADP 1 (3,000 ft acceleration height) and NADP 2 (1,500 ft Acceleration Height) Comparison 


	The noise impact of a representative narrow body jet aircraft (Boeing 737-800) performing an NADP 2 procedure compared to an NADP 1 procedure was investigated. 
	The NADP 1 and 2 definitions are ambiguous in terms of the climb angle specified during the acceleration segments. Thus, the climb angles in this example were determined to be the mean climb angles of Boeing 737-800 departures at Boston Logan Airport (BOS) from Airport Surface Detection Equipment, Model X (ASDEX) radar data in 2017. The altitude and velocity profiles from this data are shown in Figure 4-3 along with the mean profiles of this data. The velocity data shows that for Boeing 737-800 departures a
	Figure
	Figure 4-3: ASDEX Radar Altitude and Velocity Data of Boeing 737-800s on Departure at BOS in 2017 
	Figure 4-3: ASDEX Radar Altitude and Velocity Data of Boeing 737-800s on Departure at BOS in 2017 


	Modeled flight profiles of the representative narrow body aircraft for both the NADP 1 and NADP 2 are depicted in Figure 4-4, which shows the comparison of altitude, velocity, and thrust profiles. The weight was assumed to be 90 percent of the maximum takeoff weight for this aircraft. The thrust was assumed to be the same between the two procedures to provide a comparison of impacts due only to the change in acceleration height. Between the thrust cutback altitude and 3,000 ft, the aircraft performing the N
	1
	climb angle than in the NADP 2 due to maintaining V
	2 

	Figure
	Figure 4-4: Comparison of Altitude, Velocity, and Thrust Profiles for a Narrow Body Aircraft Performing NADP 1 (magenta) and NADP 2 (black) 
	Figure 4-4: Comparison of Altitude, Velocity, and Thrust Profiles for a Narrow Body Aircraft Performing NADP 1 (magenta) and NADP 2 (black) 


	Noise impacts for the representative narrow body aircraft performing the NADP 1 and 𝐴,𝑀𝐴𝑋 under the flight track during a straight out departure. The difference in L𝐴,𝑀𝐴𝑋 noise under the flight track of the representative narrow body aircraft performing the NADP 2 and NADP 1 is shown Figure 4-6. Figure 4-7 𝐴,𝑀𝐴𝑋 contours. 
	NADP 2 are shown in Figure 4-5 as the total L
	shows the corresponding L

	Maximum Takeoff Weight assumed to be 174,000 lbs for the Boeing 737-800. 
	1

	Figure
	𝐴,𝑀𝐴𝑋 (dB), NADP 2 and NADP 1 Noise for a Representative Narrow Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB), NADP 2 and NADP 1 Noise for a Representative Narrow Body Aircraft 
	Figure 4-5: Undertrack L



	Figure
	𝐴,𝑀𝐴𝑋 (dB), NADP 1 compared to NADP 2 for a Representative Narrow Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB), NADP 1 compared to NADP 2 for a Representative Narrow Body Aircraft 
	Figure 4-6: Reduction in Undertrack L



	Figure
	𝐴,𝑀𝐴𝑋 (dB) contours for a Representative Narrow Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB) contours for a Representative Narrow Body Aircraft 
	Figure 4-7: NADP 1 and 2 L



	Figure 4-6 shows that with the assumed procedures from Figure 4-4 the NADP 1 results 𝑉+ 20 knots due to the extra altitude gained during the climb in this segment. This results in a small reduction of the extent of the 70 dB contour when flying the NADP 1 compared to the NADP 2, as can be seen in Figure 4-7. After about 6 nmi where the two procedures converge, there is insignificant difference between NADP 1 and NADP 2 for this aircraft. The small, 1.2 dB, maximum noise reduction is over a limited spatial 
	in a small noise reduction where the NADP 1 holds 
	2 

	The noise impacts were also investigated for a representative wide body aircraft (Boeing 777-300) performing an NADP 2 procedure compared to an NADP 1 procedure. The climb angles in this example were set at the mean climb angles of Boeing 777-300 departures at Boston Logan Airport (BOS) from ASDEX radar data in 2017. The altitude and velocity profiles from this data are shown in Figure 4-8 along with the mean profiles of this data. The velocity data shows that for Boeing 777-300 departures at BOS, the start
	Figure
	Figure 4-8: ASDEX Radar Altitude and Velocity Data of Boeing 777-300s on Departure at BOS in 2017 
	Figure 4-8: ASDEX Radar Altitude and Velocity Data of Boeing 777-300s on Departure at BOS in 2017 


	Modeled flight profiles of the representative wide body aircraft for both the NADP 1 and NADP 2 are depicted in Figure 4-9, which shows the comparison of altitude, velocity, 
	Modeled flight profiles of the representative wide body aircraft for both the NADP 1 and NADP 2 are depicted in Figure 4-9, which shows the comparison of altitude, velocity, 
	and thrust profiles. The weight was assumed to be 90 percent of the maximum takeoff weight for this aircraft. 
	2


	Figure
	Figure 4-9: Comparison of Altitude, Velocity, and Thrust Profiles for a Wide Body Aircraft Performing NADP 1 (magenta) and NADP 2 (black) 
	Figure 4-9: Comparison of Altitude, Velocity, and Thrust Profiles for a Wide Body Aircraft Performing NADP 1 (magenta) and NADP 2 (black) 


	Noise impacts for the representative wide body aircraft performing the NADP 1 and 𝐴,𝑀𝐴𝑋 under the flight track during a straight out departure. The difference in L𝐴,𝑀𝐴𝑋 noise under the flight track of the representative wide body aircraft performing the NADP 2 and NADP 1 is shown Figure 4-11. Figure 4-12 𝐴,𝑀𝐴𝑋 noise contours. 
	NADP 2 are shown in Figure 4-10 as the total L
	shows the corresponding L

	Maximum Takeoff Weight assumed to be 659,550 lbs for the Boeing 777-300. 
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	Figure
	𝐴,𝑀𝐴𝑋 (dB), NADP 2 and NADP 1 Noise for a Representative Narrow Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB), NADP 2 and NADP 1 Noise for a Representative Narrow Body Aircraft 
	Figure 4-10: Undertrack L



	Figure
	𝐴,𝑀𝐴𝑋 (dB), NADP 1 compared to NADP 2 for a Representative Narrow Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB), NADP 1 compared to NADP 2 for a Representative Narrow Body Aircraft 
	Figure 4-11: Reduction in Undertrack L



	Figure
	𝐴,𝑀𝐴𝑋 (dB) contours for a Representative Narrow Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB) contours for a Representative Narrow Body Aircraft 
	Figure 4-12: NADP 1 and 2 L



	Results in Figure 4-11 show that the undertrack noise levels are quite similar up until 7 miles after which the NADP 2 has a slightly lower (0.4 dB) noise level due to the slightly higher altitude of the NADP 2 procedure in this region. This can also be seen in a small reduction of the 60, 65, and 70 dB contours shown in Figure 4-12. 
	The results show that changes in the acceleration location on departure results in small differences in community noise impacts compared to current departure procedures. Currently observed procedures in the U.S. are consistent with NADP 2 and it does not appear that changing the acceleration location would result in significant reduction in community noise impacts. 

	4.2.3 Reduced Climb Speed 
	4.2.3 Reduced Climb Speed 
	Another option for varying the speed on departure is to reduce the climb speed, which will reduce the highly speed dependent airframe noise during the climb segment after initial thrust reduction. The typical departure from Figure 4-1 is used to provide a basis of comparison to consider where varying the speed on departure would impact community noise. 
	In the reduced speed departures, aircraft were assumed to maintain the same weight, altitude profile, and velocity profile as the typical departure through the initial climb segment until the aircraft accelerated to the minimum safe airspeed with flaps up, which was maintained to 10,000 ft as shown in Figure 4-13. The minimum safe airspeed in the flaps 
	In the reduced speed departures, aircraft were assumed to maintain the same weight, altitude profile, and velocity profile as the typical departure through the initial climb segment until the aircraft accelerated to the minimum safe airspeed with flaps up, which was maintained to 10,000 ft as shown in Figure 4-13. The minimum safe airspeed in the flaps 
	𝑠𝑡𝑎𝑙𝑙, was assumed to be the minimum reasonable climb speed to 10,000 ft because of concerns about icing with flaps deployed at high altitudes. Aircraft were assumed to have maintained the same thrust profile as the typical departure resulting in higher climb profiles for the reduced speed departures. 220 knots was assumed to be the minimum safe airspeed in the flaps up configuration for the representative narrow body aircraft, while 240 knots was assumed for the representative wide body aircraft. The 
	up configuration, assumed 1.3 x V


	Figure
	Figure 4-13: Reduced Climb Speed Departure Definitions 
	Figure 4-13: Reduced Climb Speed Departure Definitions 


	(a) Altitude Profile (b) Velocity Profile 
	Because the flaps, slats, and gear are retracted during reduced speed climb, the airframe noise is from only the trailing edge noise and improvement from a reduced climb speed would only occur only if the trailing edge noise is greater than the engine noise during climb. The trailing edge noise is normally not an important factor during initial takeoff when the noise is dominated by engine or during landing when the noise is dominated by engine or flap, slat, and landing gear noise. As a consequence there i
	As mentioned in section 3.3, the ANOPP noise model for trailing edge noise has the option to use the “aerodynamically smooth” or “conventional” wing surface assumption. Based on the public 1970s data, most transport aircraft would have the louder “conventional” wing surface. However, recent data provided by NASA [110] indicates that modern aircraft wing surfaces are closer to the “aerodynamically smooth” aircraft assumption. As a consequence, the quieter “aerodynamically smooth” trailing edge noise levels w
	As mentioned in section 3.3, the ANOPP noise model for trailing edge noise has the option to use the “aerodynamically smooth” or “conventional” wing surface assumption. Based on the public 1970s data, most transport aircraft would have the louder “conventional” wing surface. However, recent data provided by NASA [110] indicates that modern aircraft wing surfaces are closer to the “aerodynamically smooth” aircraft assumption. As a consequence, the quieter “aerodynamically smooth” trailing edge noise levels w
	this analysis. 

	The noise impacts of each aircraft performing reduced speed departures compared to typical departures was investigated. The L𝐴,𝑀𝐴𝑋 noise under the flight track of the representative narrow body aircraft for the 220 and 250 knots climb speeds Figure 4-14. The 𝐴,𝑀𝐴𝑋 noise under the flight track between the 250 knots climb speed departure and 220 knots climb speed departure is shown in Figure 4-15. The reduction in noise from reducing the climb speed from 250 to 220 knots occurs between 3.5 and 8 miles
	corresponding difference in L

	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for 250 knot Climb Speed Departures and 220 knot Climb Speed Departures for a Representative Narrow-Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for 250 knot Climb Speed Departures and 220 knot Climb Speed Departures for a Representative Narrow-Body Aircraft 
	Figure 4-14: L



	Figure
	𝐴,𝑀𝐴𝑋 (dB) for 220 knot Compared to 250 knot Climb Speed Departure for a Representative Narrow-Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB) for 220 knot Compared to 250 knot Climb Speed Departure for a Representative Narrow-Body Aircraft 
	Figure 4-15: Reduction in L



	𝐴,𝑀𝐴𝑋 noise contours of a takeoff from for the representative narrow body aircraft are shown in Figure 4-16 for typical and reduced climb speeds of 250 knots and 220 knots with the aerodynamically smooth wing surface assumption. 
	Engine, airframe, and total L

	Figure
	(a) 
	(a) 
	(a) 
	220 knots climb speed (b) 250 knots climb speed 



	𝐴,𝑀𝐴𝑋 (dB) Noise Contours 220 and 250 knot Climb Speed Departures for a Representative Narrow-Body Aircraft 
	Figure 4-16: L

	The reason for there being only a small noise difference from varying the climb speed can be seen in the noise contours in 4-16, which break out the airframe and engine noise. Because the noise is dominated by engine noise during the climb the climb speed does not have a significant effect on the noise contour 
	Similar trends in noise impact were seen in with the representative wide body aircraft. 𝐴,𝑀 𝐴𝑋 noise under the flight track for the 240 and 250 knots climb speeds with the “aerodynamically smooth” wing surface assumption are shown in Figure 4-17. The difference 𝐴,𝑀 𝐴𝑋 noise under the flight track is insignificant as shown in Figure 4-18. Again this is due to the dominance of engine noise during climb, which can be seen in the noise contours in Figure 4-19. 
	The L
	in the resulting L

	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for 250 knot Climb Speed Departures and 240 knot Climb Speed Departures for a Representative Wide-Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for 250 knot Climb Speed Departures and 240 knot Climb Speed Departures for a Representative Wide-Body Aircraft 
	Figure 4-17: L



	Figure
	𝐴,𝑀𝐴𝑋 (dB) for 220 knot Compared to 250 knot Climb Speed Departure for a Representative Wide-Body Aircraft 
	𝐴,𝑀𝐴𝑋 (dB) for 220 knot Compared to 250 knot Climb Speed Departure for a Representative Wide-Body Aircraft 
	Figure 4-18: Reduction in L



	Figure
	(a) 
	(a) 
	(a) 
	240 knots climb speed (b) 250 knots climb speed 



	𝐴,𝑀𝐴𝑋 (dB) Noise Contours 240 and 250 knot Climb Speed Departures for a Representative Wide-Body Aircraft 
	Figure 4-19: L

	The results for both the representative narrow body and wide body aircraft that for aircraft with aerodynamically smooth wing surfaces, the reduced climb speed does not show noise benefits. 

	4.2.4 Changing the Climb Angle 
	4.2.4 Changing the Climb Angle 
	Another modification to departures is changing the climb angle, which requires both a change in thrust, and thus engine noise, as well as a change in altitude. The typical departure from Figure 4-1 is used to provide a basis of comparison to consider where varying the climb angle on departure would impact community noise. 
	The example departure with a modification in the climb profile, represented in Figure 4-20 (a) was obtained by modeling the representative narrowbody aircraft at the same weight as the standard departure case from Figure 4-1 but with thrust increased throughout the procedure. The increased thrust departure was assumed to perform the takeoff and initial climb segments at a thrust level 10% higher than the standard departure until the aircraft +15 knots, as shown in Figure 4-20 (b). The acceleration and const
	accelerated to V
	2

	Figure
	Figure 4-20: Increased Thrust Departure Definitions 
	Figure 4-20: Increased Thrust Departure Definitions 


	(a) Altitude Profile (b) Thrust Profile 
	Single event flyover noise of the standard and increased thrust departure procedures was modeled using the framework to demonstrate the noise impacts on a representative 𝐴,𝑀𝐴𝑋 results were obtained for the representative narrowbody aircraft on a flight track representing the BLZZR4 RNAV departure for Runway 33L at BOS in this example. Results are shown in Figure 4-21. 
	population. L

	Figure
	Figure 4-21: BOS BLZZR4 RNAV Standard and Increased Thrust Departure Noise Contours for the Representative Narrowbody Aircraft 
	Figure 4-21: BOS BLZZR4 RNAV Standard and Increased Thrust Departure Noise Contours for the Representative Narrowbody Aircraft 


	As seen in Figure 4-21, noise contour shape and area differed with thrust and altitude. Compared to the standard departure, the contours of the increased thrust departure shown in Figure 4-21 are wider near the airport due to the initial high thrust level. However, the altitude gain during the initial climb segment results in an overall shrinking of the contour extent beneath the flight track for the remainder of the procedure. 
	To quantify the noise reduction, modeled population exposure at each of the 60 dB, 65 
	𝐴,𝑀𝐴𝑋 noise levels for each case are shown in Table 4.1. 
	dB, and 70 dB L

	𝐴,𝑀𝐴𝑋 of the Standard and Increased Thrust BLZZR4 RNAV Departures for the Representative Narrowbody Aircraft 
	Table 4.1: Population Exposure Comparison in L

	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Standard 
	Standard 
	159,624 
	61,375 
	28,140 

	Population Exposed 
	Population Exposed 
	Increased Thrust 
	138,063 
	57,245 
	21,853 

	TR
	Decrease 
	21,561 
	4,130 
	6,287 


	Table 4.1 shows that by reducing the extent of the departure contour for the increased thrust departure over the densely populated area beneath the BOS BLZZR4 RNAV departure track, there are overall reductions in population exposure due to the higher altitudes attained in the climb. However there is an increase in the width of the contour near the airport due to the initial high power, which would negatively impact communities in this region. 

	4.2.5 Operational Implications of Altered Climb Angle Departures 
	4.2.5 Operational Implications of Altered Climb Angle Departures 
	Of the departure procedure modifications shown, only changing the departure climb angle via thrust increase had a significant impact on noise. The operational implications of this procedure are thus discussed. 
	Altering thrust and climb angle during departure yields differences in departure fuel burn and flight time compared to the standard. To assess this impact, the differences were calculated between the standard and increased thrust departure using the framework. Fuel burn and time was evaluated by recording the difference between the fuel burn, time, and 
	Altering thrust and climb angle during departure yields differences in departure fuel burn and flight time compared to the standard. To assess this impact, the differences were calculated between the standard and increased thrust departure using the framework. Fuel burn and time was evaluated by recording the difference between the fuel burn, time, and 
	length of the ground track travelled for the standard and altered thrust profiles to reach the same flight state at 15,000 ft. Since the increased thrust profiles had different ground track lengths to 15,000 ft than the standard, the difference in ground track lengths was made up in cruise. Fuel burn and time in that segment was added assuming it was compensated for at the cruise speed provided from each aircraft’s performance data from BADA 4. Results for these comparisons are shown in Table 4.2. Compared 

	Table 4.2: Increase in Total Fuel Burn and Time when Flying an Increased Thrust Departure Compared to a Standard Departure for the Representative Narrowbody Aircraft 
	Total Flight Time Decrease (s) 24 
	Fuel Consumption Increase (lbs) 59 

	The noise contours from Figure 4-21 show that altered thrust procedures also result in a redistribution of noise beneath the flight track rather than a reduction in noise everywhere. Thus, alternative thrust departures that yield the most noise reductions will be dependent on the specific airport layout and population distribution. In this example, while the increased thrust departure resulted in an overall reduction in population exposure at BOS, this may not be the case for an airport with more concentrat


	4.3 Effect of Aircraft Flight Path Angle and Speed on 
	4.3 Effect of Aircraft Flight Path Angle and Speed on 
	Approach 
	4.3.1 Options to Change Aircraft Flight Path Angle and Speed 
	4.3.1 Options to Change Aircraft Flight Path Angle and Speed 
	on Approach 
	A typical approach procedure is shown in Figure 4-22 to provide a basis of comparison to consider where varying the speed on approach would impact community noise. Typical approach procedures consist of an initial descent segment from a starting altitude, 
	A typical approach procedure is shown in Figure 4-22 to provide a basis of comparison to consider where varying the speed on approach would impact community noise. Typical approach procedures consist of an initial descent segment from a starting altitude, 
	deceleration segments where flaps and slats are released, a level segment and an interception with the Instrument Landing System (ILS) glide slope (in some cases approach procedure may also be a continuous descent to the ground), and a final descent to touchdown, as depicted in Figure 4-22. Some options for modifying aircraft flight path angle and speed are discussed below. 

	Figure
	Figure 4-22: Typical Approach Procedure Divided into Segments 
	Figure 4-22: Typical Approach Procedure Divided into Segments 


	Flight Path Angle 
	Flight Path Angle 
	Instead of flying an approach with a level segment, the aircraft can maintain a continuous descent all the way to touchdown. In addition, the aircraft could fly certain portions of a flight procedure with a steeper than the standard glide slope of 3. Compared to the typical approach procedure continuous descent profiles result in increased altitude for every distance outside the glide slope intercept point. 
	∘


	Speed 
	Speed 
	Speed in the approach can be modified in regions outside of the stabilization point. The Flight Safety Foundation Approach-and-Landing Accident Reduction Briefing Note 7-1 suggests that all aircraft must meet stabilized approach criteria at a minimum of 1,000 feet above the airport surface in instrument meteorological conditions [114], meaning the 𝑅𝐸𝐹 𝑅𝐸𝐹 + 20 knots. This point is highlighted on Figure 4-22. The stabilization point may occur further from touchdown than 1,000 ft. 
	aircraft is fully configured for landing and at a constant final approach speed between V
	and V

	Example approach procedures from Airport Surface Detection Equipment, Model X (ASDEX) radar data are depicted in Figure 4-23, which shows Boeing 737-800s approaches into Runway 4R at Boston Logan International Airport (BOS). The data shown in Figure 4-23 were aircraft leveling off at 4,000 ft before intercepting the ILS glide slope. Figure 4-23 also shows the corresponding velocity profiles. As is observed in the velocity data in Figure 4-23, most of the flights are stabilized at 1,700 ft, which corresponds
	Figure
	Figure 4-23: ASDEX Radar Altitude and Velocity Data of Boeing 737-800s Performing ILS Approaches with a 4,000 ft level segment into Runway 4R at BOS in 2017 
	Figure 4-23: ASDEX Radar Altitude and Velocity Data of Boeing 737-800s Performing ILS Approaches with a 4,000 ft level segment into Runway 4R at BOS in 2017 


	Flaps and slats are required to be deployed on approach to allow the wing to maintain lift at the lower speeds required for landing and to provide drag to slow the aircraft. Aircraft typically deploy flaps and slats when they have decelerated to 10 knots below the maximum allowable speed for each configuration. Aircraft typically have between four and seven flap and slat settings, with higher settings corresponding to higher degrees of flap and slat extension. Aircraft that decelerate relatively early in th
	An alternative is a delayed deceleration approach. In a delayed deceleration approach, the deceleration is delayed such that the aircraft can have flaps and slats up and operate at low thrust for as long as possible to reduce both configuration and engine noise. The aircraft deceleration is delayed to a location such that it is still able to slow to the final approach speed at the stabilization point. Prior analyses have shown that the reduced flight time and thrust during this type of procedure yields sign


	4.3.2 Continuous Descent Approaches 
	4.3.2 Continuous Descent Approaches 
	Varying flight path angle on approach involves descending at a higher glideslope than standard or maintaining a constant descent until touchdown without level segments, known as a continuous descent approach. Continuous descent approaches have been studied previously [58][59][60] and pose unique challenges for different airports and runways. Speed, altitude, configuration, and thrust are highly coupled on approach and various modifications to the approach can be carried out. In this section, example noise i
	Flight profiles of the representative narrow body aircraft (Boeing 737-800) for both baseline and continuous descent approach procedures were generated and are shown in Figure 4-24. The weight was assumed to be maximum landing weight. The baseline cases are 
	3

	The maximum landing weight of the Boeing 737-800 assumed to be 146,000 
	3

	performing a 3 degree ILS approach with a level segment and a standard deceleration profile. There are two baseline cases, one with a level segment at 4,000 ft and one with a level segment at 3,000 ft. The standard deceleration profile was assumed to be the mean deceleration profile seen in the ASDEX velocity data in Figure 4-23. Flap and slat deployment were assumed to occur once the aircraft decelerated to 10 knots below the maximum slat and flap speeds for each configuration. The 1,700 ft location, which
	the final approach speed—assumed to be V

	The baseline cases with a level segment at 4,000 ft and 3,000 ft are compared to a continuous descent approach. For the continuous descent approach, the velocity profile was assumed to be the same as in the baselines but with thrust reduced in order for the aircraft to fly the continuous descent in the region prior to the glideslope intercept. The resulting flight profiles are shown in Figure 4-24. The distance to touchdown where the flaps 1 through flaps 30 configuration settings were deployed are marked o
	Figure
	Figure 4-24: Comparison of Altitude, Velocity, and Thrust Profiles for a Narrow Body Aircraft Performing Baseline Approaches with Level Segments (black) and Continuous Descent Approaches (magenta) 
	Figure 4-24: Comparison of Altitude, Velocity, and Thrust Profiles for a Narrow Body Aircraft Performing Baseline Approaches with Level Segments (black) and Continuous Descent Approaches (magenta) 


	(a) Baseline with 3,000 ft Level Segment (b) Baseline with 4,000 ft Level Segment 
	The black lines in Figure 4-24 represent the altitude, velocity, and thrust profiles of the baseline approaches with level segments. A thrust increase occurs during the level segments for both cases and the deceleration from flaps 5 to flaps 15 occurs closer to touchdown for the baseline with the 3,000 ft level segment than the 4,000 ft level segment. The magenta lines in Figure 4-24 represent the continuous descent approach procedure altitude, velocity, and thrust profiles. The thrust is reduced compared t
	𝐴,𝑀𝐴𝑋 noise under the flight track due to 
	Figure 4-25 shows the reduction in the total L

	the continuous descent approach compared to the baseline cases. 
	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Representative Narrow Body Aircraft, Baseline Approaches with Level Segments minus Continuous Descent Approach Noise Impact 
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Representative Narrow Body Aircraft, Baseline Approaches with Level Segments minus Continuous Descent Approach Noise Impact 
	Figure 4-25: Reduction in L



	(a) Baseline with 3,000 ft Level Segment (b) Baseline with 4,000 ft Level Segment 
	Figure 4-25 shows that before the location of the final glideslope intercept in the baseline cases, the altitude gain in the continuous descent approach results in an approximately 2 dB decrease in noise compared to the baseline cases, with some regions of smaller decrease due to the difference in locations where flaps are released and thrust reductions occur. After the location of glideslope intercept of the baseline cases, the procedures have equal noise impact. The decrease in noise thus occurs until abo
	The impacts to population exposure of continuous descent approaches compared to the baseline approaches with level segments can be shown for different runways and airports. To illustrate the impacts at Boston Logan Airport (BOS), the impacts of the approaches are shown into Runways 4R, 22L and 33L. The arrival tracks into these runways at BOS in 2017 were obtained from ASDEX data and are plotted in Figure 4-26. The arrivals into runway 4R from the south and from the north were separated into two categories,
	Figure
	Figure 4-26: Arrival Tracks into BOS Runways in 2017 from ASDEX 
	Figure 4-26: Arrival Tracks into BOS Runways in 2017 from ASDEX 


	(a) RWY 4R (b) RWY 22L (c) RWY 33L 
	The percentage of arrivals that were continuous descents as well as the average altitude for which level segments were performed by aircraft not flying CDAs is shown in Table 4.3 for each runway. It is notable that about 51% of the arrivals into Runway 4R on a peak day of operations in 2017 were coming from the south. Arrivals performing level segments coming from the south into 4R on average performed 4,000 ft level segments. All other arrivals performing level segments into the other runways on average pe
	Table 4.3: Mean Level Segment Altitude and Percentage of Arrivals that were Continuous Descent Approaches by Runway in BOS in 2017 
	Runway Percent CDAs Mean Level Segment Altitude 
	4R (Arrivals from the South) 38% 4,000 ft 
	4R (Arrivals from the North) 6% 3,000 ft 22L 4.6% 3,000 ft 33L 3.3% 3,000 ft 
	The noise impacts for the narrowbody aircraft performing the arrivals into each of the runways from Figure 4-26 was modeled assuming the aircraft flew straight-ins except for 
	The noise impacts for the narrowbody aircraft performing the arrivals into each of the runways from Figure 4-26 was modeled assuming the aircraft flew straight-ins except for 
	arrivals from the north into Runway 4R. For arrivals from the north into Runway 4R, the 𝐴,𝑀𝐴𝑋 noise contours of the representative narrowbody aircraft for both the baselines with level segments and continuous descent approaches on approaches into Runway 4R (arrivals from the south and north), Runway 22L, and Runway 33L at BOS are shown in 4-27. The baseline for each case was based on the mean level segment altitude for each of the runways from Table 4.3. The reductions in noise at each runway impact dif
	aircraft was assumed to follow an RNP-like turn to final. The difference in the L


	(a) Runway 4R (Arrivals from South) (b) Runway 4R (Arrivals from North) 
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Representative Narrowbody Aircraft Performing CDAs into Runways at BOS, Baselines with Level Segments minus CDAs 
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Representative Narrowbody Aircraft Performing CDAs into Runways at BOS, Baselines with Level Segments minus CDAs 
	Figure 4-27: Reduction in L



	(c) Runway 22L (d) Runway 33L 
	To quantify the noise reduction, modeled population exposure at each of the 60 dB, 
	𝐴,𝑀 𝐴𝑋 noise levels for each case are shown in Table 4.4. Reductions 
	65 dB, and 70 dB L

	in noise primarily occur at the 65 and 60 dB noise contours. There are larger reductions in population exposure when comparing the continuous descent approach to the baseline approaches with 3,000 ft level segments compared to the baseline approach with a 4,000 ft level segment. 
	𝐴,𝑀𝐴𝑋 of the Continuous Descent Approach Compared to a Baseline Approaches with Level Segments for the Representative Narrowbody Aircraft 
	Table 4.4: Population Exposure Comparison in L

	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Runway 4R 
	Runway 4R 
	Baseline (4,000 ft Level Segment) 
	37,690 
	12,305 
	3,074 

	(Arrivals from South) 
	(Arrivals from South) 
	Continuous Descent 
	35,749 
	12,284 
	3,040 

	Population Exposed 
	Population Exposed 
	Decrease 
	1,941 
	21 
	34 

	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Runway 4R 
	Runway 4R 
	Baseline (3,000 ft Level Segment) 
	43,331 
	14,052 
	3,143 

	(Arrivals from North) 
	(Arrivals from North) 
	Continuous Descent 
	36,937 
	12,647 
	3,143 

	Population Exposed 
	Population Exposed 
	Decrease 
	6,394 
	1,405 
	0 

	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Runway 22L 
	Runway 22L 
	Baseline (3,000 ft Level Segment) 
	104,416 
	60,772 
	17,573 

	Population Exposed 
	Population Exposed 
	Continuous Descent 
	100,508 
	54,038 
	17,027 

	TR
	Decrease 
	3,908 
	6,734 
	546 

	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Runway 33L 
	Runway 33L 
	Baseline (3,000 ft Level Segment) 
	10,828 
	2,386 
	11 

	Population Exposed 
	Population Exposed 
	Continuous Descent 
	8,481 
	1,432 
	11 

	TR
	Decrease 
	2,347 
	954 
	0 



	4.3.3 Delayed Deceleration Approaches 
	4.3.3 Delayed Deceleration Approaches 
	Varying speed on approach involves delaying the start of the deceleration segments, known as a delayed deceleration approach, while maintaining the safety requirement that the aircraft 
	Varying speed on approach involves delaying the start of the deceleration segments, known as a delayed deceleration approach, while maintaining the safety requirement that the aircraft 
	must be fully configured and at the final approach speed at the stabilization point. Example noise impacts of a representative narrow body and wide body aircraft performing a delayed deceleration approach procedure are compared to a standard deceleration approach. 

	The baseline 3 degree ILS approach with a 4,000 ft level segment from section 4.3.2 is compared to a delayed deceleration approach. For the delayed deceleration approach, the location of the start of the deceleration from 250 knots was assumed to be the point at which at idle thrust, the aircraft would be able to meet the final flaps 30 configuration speed at 2,000 ft. The resulting flight profiles are shown in Figure 4-28. The distance to touchdown where the flaps 1 through flaps 30 configuration settings 
	Figure
	Figure 4-28: Comparison of Altitude, Velocity, and Thrust Profiles for a Narrow Body Aircraft Performing Standard Deceleration (black) and Delayed Deceleration (magenta) Approaches with 4,000 ft Level Segment 
	Figure 4-28: Comparison of Altitude, Velocity, and Thrust Profiles for a Narrow Body Aircraft Performing Standard Deceleration (black) and Delayed Deceleration (magenta) Approaches with 4,000 ft Level Segment 


	The black lines in Figure 4-28 represent the velocity and thrust profiles of the baseline, standard deceleration approach. Because the aircraft decelerates early in these procedures, 
	The black lines in Figure 4-28 represent the velocity and thrust profiles of the baseline, standard deceleration approach. Because the aircraft decelerates early in these procedures, 
	the thrust must increase to maintain velocity in order to meet the stabilized final approach velocity at 1,700 ft. The magenta lines in Figure 4-28 represent the delayed deceleration approach procedure velocity and thrust profiles. The locations of flap deployment are closer to touchdown than in the baseline case, and the thrust is at idle for most of the procedure. 

	𝐴,𝑀𝐴𝑋 noise under the flight track due to 𝐴,𝑀𝐴𝑋 under the flight track of the various noise components for the ILS procedure with a 4,000 ft level segment is shown in Figure 4-30 for reference. 
	Figure 4-29 shows the reduction in the total L
	the delayed deceleration approach compared to the standard deceleration. Modeled L

	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Representative Narrow Body Aircraft, Standard Deceleration minus Delayed Deceleration Approach Noise Impact 
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Representative Narrow Body Aircraft, Standard Deceleration minus Delayed Deceleration Approach Noise Impact 
	Figure 4-29: Reduction in L



	(a) Standard Deceleration 
	Figure 4-30: Noise Levels Under the Flight Track for Different Noise Components, Representative Narrow Body Aircraft Approaches with 4,000 ft Level Segment 
	Figure 4-30: Noise Levels Under the Flight Track for Different Noise Components, Representative Narrow Body Aircraft Approaches with 4,000 ft Level Segment 


	(b) Delayed Deceleration 
	As Figure 4-29 indicates, between 26 and 16 nmi from touchdown, flaps 1 were deployed in the standard deceleration case but not in the delayed deceleration case. Noise is reduced by approximately 6 dB by delaying the flaps 1 deployment in this region. Between 16 and 14 nmi from touchdown, flaps 5 were deployed in the standard deceleration case but no flaps were deployed in the delayed deceleration case, resulting in an additional 6 dB reduction in this region. The most significant reductions are beyond 14 n
	As Figure 4-29 indicates, between 26 and 16 nmi from touchdown, flaps 1 were deployed in the standard deceleration case but not in the delayed deceleration case. Noise is reduced by approximately 6 dB by delaying the flaps 1 deployment in this region. Between 16 and 14 nmi from touchdown, flaps 5 were deployed in the standard deceleration case but no flaps were deployed in the delayed deceleration case, resulting in an additional 6 dB reduction in this region. The most significant reductions are beyond 14 n
	stabilization point. The delay in the flap and slat deployment, as well as the decrease in thrust, resulted in a delay in the flap and slat noise onset and decrease in engine noise for the delayed deceleration approach compared to the standard deceleration approach. Thus, delaying the deceleration such that the aircraft can maintain the flaps and slats up configuration and idle thrust levels for as long as possible in the approach in this example would have a significant impact on reducing community noise. 

	Similar results were observed for a representative wide body aircraft (Boeing 777-200). Noise impacts of the representative wide body aircraft performing a delayed deceleration approach procedure are compared to a standard deceleration procedure. The mean velocity versus ground track distance from Airport Surface Detection Equipment, Model X (ASDEX) velocity radar data of Boeing 777s at Boston Logan International Airport (BOS) was determined to be the standard deceleration rate for this aircraft. The aircra
	Flight profiles for both baseline and delayed deceleration approach procedures were generated and are shown in Figure 4-31. The weight was assumed to be 65 percent of the maximum landing weight. The baseline case was performing a 3 degree ILS approach with a 4,000 ft level segment with a standard deceleration profile. The standard deceleration profile was assumed to be the mean deceleration profile seen in the ASDEX data for Boeing 777s at Boston Logan Airport. Flap and slat deployment were assumed to occur
	4
	[115], was assumed to be the stabilization point where the aircraft were at V

	The maximum landing weight of the Boeing 777-200 assumed to be 455,000 
	4

	Figure
	Figure 4-31: Comparison of Altitude, Velocity, and Thrust Profiles for a Wide Body Aircraft Performing Standard Deceleration (black) and Delayed Deceleration (magenta) Approaches with a 4,000 ft Level Segment 
	Figure 4-31: Comparison of Altitude, Velocity, and Thrust Profiles for a Wide Body Aircraft Performing Standard Deceleration (black) and Delayed Deceleration (magenta) Approaches with a 4,000 ft Level Segment 


	The black lines in Figure 4-31 represent the velocity and thrust profiles of the baseline standard deceleration approach. Because the aircraft decelerates early in these procedures, the thrust must increase to maintain velocity in order to meet the stabilization velocity at 1,700 ft. The magenta lines in Figure 4-31 represent the delayed deceleration approach procedure velocity and thrust profiles. The locations of flap deployment are closer to touchdown than in the baseline case, and the thrust is at idle 
	𝐴,𝑀𝐴𝑋 noise under the flight track due to 
	Figure 4-32 shows the reduction in the total L

	𝐴,𝑀𝐴𝑋 
	the delayed deceleration approach compared to the standard deceleration. Modeled L

	under the flight track of the various noise components for the ILS procedure with a 4,000 ft level segment is shown in Figure 4-33 for reference. 
	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Representative Wide Body Aircraft, Standard Deceleration minus Delayed Deceleration Approach Noise Impact 
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Representative Wide Body Aircraft, Standard Deceleration minus Delayed Deceleration Approach Noise Impact 
	Figure 4-32: Reduction in L



	(a) Standard Deceleration 
	Figure 4-33: Noise Levels Under the Flight Track for Different Noise Components, Representative Wide Body Aircraft Approaches with a 4,000 ft Level segment 
	Figure 4-33: Noise Levels Under the Flight Track for Different Noise Components, Representative Wide Body Aircraft Approaches with a 4,000 ft Level segment 


	(b) Delayed Deceleration 
	As shown in Figure 4-32, noise is reduced by about 4 to 6 dB by delaying the deceleration 
	As shown in Figure 4-32, noise is reduced by about 4 to 6 dB by delaying the deceleration 
	and subsequent flaps 1 and flaps 5 deployment. The most significant reductions are beyond 15 nmi from touchdown. The delay in the flap and slat deployment, as well as the decrease in thrust during the level segment between 19 and 13 nmi to touchdown, results in a decrease in the configuration noise and engine noise for the delayed deceleration approach compared to the standard deceleration approach. After the intercept with the ILS at 13 nmi, the two procedures have the same noise impact. In this example, b

	To illustrate the population exposure impacts of these procedures, population exposure is model at Boston Logan Airport (BOS). The noise contours of the narrow body and wide body aircraft are shown for straight-in arrivals into Runways 4R. The difference in the 𝐴,𝑀𝐴𝑋 noise contours for each aircraft flying the delayed deceleration approach compared to the standard deceleration approach are shown in Figure 4-34. 
	L

	Figure
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Representative Narrow and Wide Body Aircraft Performing Delayed Deceleration Approaches Compared to Standard Deceleration Approaches into Runway 4R at BOS, Standard minus Delayed Deceleration 
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Representative Narrow and Wide Body Aircraft Performing Delayed Deceleration Approaches Compared to Standard Deceleration Approaches into Runway 4R at BOS, Standard minus Delayed Deceleration 
	Figure 4-34: Reduction in L



	(a) Representative Narrow Body (b) Representative Wide Body 
	To quantify the noise reduction, modeled population exposure at each of the 60 dB, 𝐴,𝑀𝐴𝑋 noise levels for each aircraft are shown in Table 4.5. Reductions 
	To quantify the noise reduction, modeled population exposure at each of the 60 dB, 𝐴,𝑀𝐴𝑋 noise levels for each aircraft are shown in Table 4.5. Reductions 
	65 dB, and 70 dB L

	in noise primarily occur at the 65 and 60 dB noise contours. As a comparison to the continuous descent case, population exposure reduction due to the narrow body aircraft flying the delayed deceleration approach is greater at the 60 dB level than the narrow body aircraft flying the continuous descent into Runway 4R from Table 4.4. This is despite the aircraft having less altitude gain in this region. 

	𝐴,𝑀 𝐴𝑋 of the Delayed Deceleration Approaches Compared to Standard Deceleration Approaches into BOS Runway 4R for the Representative Narrow body and Wide body Aircraft 
	Table 4.5: Population Exposure Comparison in L

	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Narrow Body 
	Narrow Body 
	Standard Deceleration 
	37,690 
	12,305 
	3,074 

	Population Exposed 
	Population Exposed 
	Delayed Deceleration 
	32,389 
	11,944 
	3,074 

	TR
	Decrease 
	5,301 
	361 
	0 

	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Wide Body 
	Wide Body 
	Standard Deceleration 
	99,708 
	45,486 
	17,714 

	Population Exposed 
	Population Exposed 
	Delayed Deceleration 
	88,968 
	44,657 
	17,653 

	TR
	Decrease 
	10,740 
	829 
	61 


	Significant noise benefits were observed when delaying accelerating and subsequent flap and slat deployment for both aircraft assessed. Thus there does appear to be a significant noise benefit from delayed deceleration approaches. 

	4.3.4 Operational Implications of Continuous Descent and Delayed Deceleration Approaches 
	4.3.4 Operational Implications of Continuous Descent and Delayed Deceleration Approaches 
	Continuous descent approaches are shown to offer noise benefits, but there are operational challenges associated with the procedure. Continuous descents could be implemented by establishing intercept with the ILS at a higher altitude. However, approaches that incorporate level segments are easier to manage from an air traffic control perspective. Level flight segments and earlier deceleration give ATC more time to sequence traffic flows. 
	In addition, while there does appear to be a significant noise benefit from delayed deceleration approaches, there are operational challenges associated with this procedure 
	In addition, while there does appear to be a significant noise benefit from delayed deceleration approaches, there are operational challenges associated with this procedure 
	from both a cockpit and air traffic control perspective that also require further study. 

	From the cockpit perspective, pilots will need procedures or guidance to manage aircraft deceleration on approach considering aircraft weight, winds, and air density to assure that the aircraft reaches the stable approach criteria prior to the stabilization point. The guidance or procedures could include speed, thrust and configuration targets. Some initial work has been done on cockpit displays or planning optimal flap, slat, and landing gear release locations based on operating conditions. A few example s
	From an air traffic control perspective, different deceleration rates for different aircraft will also create challenges in sequencing aircraft. Airborne aircraft are subject to minimum separation requirements. In general, aircraft must be separated by 3 nautical miles horizontally and/or 1,000 feet vertically. Detailed separation requirements are specified in FAA Joint Order 7110.65Y [117]. Air traffic controllers must provide a sufficient time interval between approaching aircraft to ensure 3 nautical mil
	An additional air traffic consideration is that procedure design criteria may need to be adjusted to allow larger turn radii which would be required for higher speed turns. 
	Thus, full implementation of delayed deceleration approach procedures for noise abatement would require careful assessments about the proper deceleration rates for different aircraft to get the maximum benefit for the entire fleet. 


	4.4 ecoDemonstrator 2019 Flight Trials of Delayed Deceleration Approaches 
	4.4 ecoDemonstrator 2019 Flight Trials of Delayed Deceleration Approaches 
	Given the simulated noise benefits of notional delayed deceleration flight procedures, the procedure was tested for flyability in a joint effort between the Boeing Company, the Massachusetts Institute of Technology, and the Federal Aviation Administration, as a part of the 2019 Boeing ecoDemonstrator program. Boeing’s ecoDemonstrator program is a part of the company’s efforts to evaluate and develop technologies and features that improve operational efficiency and long-term sustainability. The 2019 Boeing e
	Figure
	Figure 4-35: 2019 ecoDemonstrator Boeing 777-200 Test Aircraft, Figure from Boeing 
	Figure 4-35: 2019 ecoDemonstrator Boeing 777-200 Test Aircraft, Figure from Boeing 


	A delayed deceleration approach procedure with a 3.77steeper final descent was demonstrated on the 2019 ecoDemonstrator during an arrival into Runway 31 at Atlantic City International Airport (ACY) from Frankfurt Airport in Germany. 
	∘ 
	5

	4.4.1 Proposed Delayed Deceleration Approach Procedure with 
	4.4.1 Proposed Delayed Deceleration Approach Procedure with 
	3.77Final Descent 
	∘ 

	The proposed flight procedure for the ecoDemonstrator was a delayed deceleration approach with a 3.77steeper final descent. The delayed deceleration approach was added onto a 3.77
	∘ 
	∘ 

	The 2019 ecoDemonstrator also featured advanced technology demonstrations that included aerodynamic improvements such as shape memory alloy vortex generators, recyclable cabin materials, and operational efficiency improving technologies such as head-worn displays and advanced air traffic management and airline operational control (AOC) technologies [118] 
	5

	The procedure consisted of the following two primary phases: 
	∙ 
	∙ 
	∙ 
	Delayed Deceleration Approach phase: The aircraft would maintain 240 knots on an initial descent and on a lateral track parallel to the RNAV (RNP) Z procedure. The aircraft would then perform a 90, descending turn to a 2,000 ft level segment, including a deceleration to 230 knots. Because the aircraft would maintain the 240 knots initial descent speed for longer than standard in this procedure, the approach track into Runway 31 needed to be modified with a larger radius during the final 90turn (highlighted 
	∘
	∘ 


	∙ 
	∙ 
	Steeper 3.77Final Descent phase: The aircraft would intercept the 3.77near the PRSTY waypoint and perform a 3.77final descent. 
	∘ 
	∘ 
	∘ 



	This procedure was modeled and compared to a notional standard approach procedure to demonstrate the expected noise impacts. In the standard procedure, the aircraft was assumed to perform a standard deceleration that was observed in ASDEX data at BOS and the final glideslope was assumed to be 3. 
	∘

	The modeled altitude, velocity, and thrust profiles for both the standard and proposed procedure are shown in Figure 4-37. The aircraft performing the proposed flight procedure, shown in magenta, was at lower thrust levels for most of the procedure. Flap release occurred closer to touchdown in the proposed procedure compared to the standard procedure. 
	Figure
	Figure 4-37: Comparison of Altitude, Velocity, and Thrust Profiles for the Standard (black) and Proposed (magenta) Approaches 
	Figure 4-37: Comparison of Altitude, Velocity, and Thrust Profiles for the Standard (black) and Proposed (magenta) Approaches 


	𝐴,𝑀𝐴𝑋 noise under the flight track at the component level for both procedures is shown in Figure 4-38. 
	Modeled L

	Figure
	(a) Standard Deceleration and 3Final Descent 
	∘ 

	Figure
	(b) Proposed Delayed Deceleration and 3.77Final Descent 
	∘ 

	Figure 4-38: Noise Levels Under the Flight Track for Different Noise Components, Standard and Proposed Procedures 
	The delay in the flap and slat deployment, as well as the decrease in thrust, results in a decrease in the configuration noise and engine noise for the delayed deceleration approach compared to the standard deceleration approach. The 3.77final descent yields additional noise reductions closer to touchdown. 
	∘ 

	To illustrate the contribution to noise reduction under the flight track for the delayed 
	𝐴,𝑀𝐴𝑋 under the flight 
	deceleration and the steeper final descent, the reduction in total L

	track for the standard procedure compared to the modified procedure is shown in Figure 4-39. 
	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for the Boeing 777-200 Performing the Proposed Delayed Deceleration and 3.77Final Descent Compared to the Standard Deceleration and 3Final Descent 
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for the Boeing 777-200 Performing the Proposed Delayed Deceleration and 3.77Final Descent Compared to the Standard Deceleration and 3Final Descent 
	Figure 4-39: Reduction in L
	∘ 
	∘ 



	The portion of the procedure shown in blue is the noise benefit primarily due to the delay in deceleration, while the portion of the procedure in red is the noise benefit primarily due to the steeper, 3.77final descent. Significant noise reductions are apparent from 27 to 12 nmi to touchdown, where the flaps 1 and flaps 5 configuration is deployed during the standard procedure, while the aircraft is still clean during the alternate procedure. When both procedures have a thrust increase during the level segm
	∘ 
	∘ 

	𝐴,𝑀𝐴𝑋 noise contours of both the standard approach and proposed delayed deceleration approach with the 3.77final descent is shown in Figure 4-40. The difference 𝐴,𝑀𝐴𝑋 noise contours for both the standard and proposed approaches are shown for this procedure on approach into Runway 31 at Atlantic City Airport (ACY) is shown in Figure 4-41. Significant reductions in the noise along the entire approach procedure are apparent. The exposure to the 60, 65, and 70 dB noise contours is also shown, also indic
	Finally, the L
	∘ 
	in the L
	∘ 

	compared to the standard approach with a 3final descent. 
	∘ 

	Figure
	(a) Standard Deceleration and 3∘ Final Descent 
	(a) Standard Deceleration and 3∘ Final Descent 


	Figure
	(b) Proposed Delayed Deceleration and 3.77∘ Final Descent 
	(b) Proposed Delayed Deceleration and 3.77∘ Final Descent 


	𝐴,𝑀 𝐴𝑋 (dB) Contours for the Boeing 777-200 Performing the Standard and Proposed Approaches into Runway 31 at ACY, Standard minus Proposed Procedure 
	Figure 4-40: L

	Figure
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Boeing 777-200 Performing the Approaches into Runway 31 at ACY, Standard minus Proposed Procedure 
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Boeing 777-200 Performing the Approaches into Runway 31 at ACY, Standard minus Proposed Procedure 
	Figure 4-41: Reduction in L



	Significant noise reductions from the proposed delayed deceleration approach procedure with a 3.77final descent compared to the notional standard deceleration procedure with a 3final descent were observed. 
	∘ 
	∘ 


	4.4.2 ecoDemonstrator Flight Trials and Comparisons to Modeled Noise Results 
	4.4.2 ecoDemonstrator Flight Trials and Comparisons to Modeled Noise Results 
	The delayed deceleration approach procedure with a 3.77 degree final descent was flown into Runway 31 at ACY on November 21, 2019 by the Boeing ecoDemonstrator 777-200. To demonstrate impacts of the ecoDemonstrator Procedure, the noise was modeled and results were compared with modeled noise results of two baseline flight procedures also flown by the aircraft during the program. The baselines consisted of the following two approach procedures: 
	∙ 
	∙ 
	∙ 
	Baseline 1: A standard deceleration and flap deflection, standard 3glideslope 
	∘ 


	∙ 
	∙ 
	Baseline 2: An early deceleration and flap deflection, standard 3glideslope 
	∘ 



	ecoDemonstrator Flight 
	ecoDemonstrator Flight 
	The flight profiles of the ecoDemonstrator procedure, the delayed deceleration approach with a 3.77final descent into ACY, is shown in Figure 4-42 (a). The altitude and groundspeed of this flight was obtained from radar data and the groundspeed profiles were converted into indicated airspeed by correcting for density altitude and available winds aloft data. The thrust profile was modeled in the Profile Generator. The pilots reported no flyability issues. The flown procedure was consistent with the proposed 
	∘ 
	∘ 
	∘ 

	Figure
	𝐴,𝑀𝐴𝑋 (dB) Contours for the Boeing 777-200 ecoDemonstrator Procedure into Atlantic City International Airport 
	𝐴,𝑀𝐴𝑋 (dB) Contours for the Boeing 777-200 ecoDemonstrator Procedure into Atlantic City International Airport 
	Figure 4-42: Flight Profile Data and Modeled L



	(a) Flight Profile Data (b) Modeled L𝐴,𝑀𝐴𝑋 (dB) Contours 
	Delayed deceleration approaches are also expected to result in fuel burn reductions compared to standard procedures. To assess this, fuel burn during this procedure was also modeled using BADA 4. From 30 nmi to touchdown, the modeled total fuel burn was 810 lbs. This value is compared to the fuel burn of the baseline flights to also demonstrate the potential for fuel burn reduction of this procedure. 
	The profile data of the proposed delayed deceleration approach with a 3.77final descent from section 4.4.1 is shown in Figure 4-43 overlaid on the ecoDemonstrator procedure flight data from Figure 4-42 (a) for comparison. Thrust for both procedures was modeled using the Flight Profile Generator. 
	∘ 

	Figure
	Figure 4-43: Comparison of Altitude, Velocity, and Thrust Profiles for the Proposed Delayed Deceleration Approach with 3.77Final Descent (black) and Flown ecoDemonstrator Procedure (magenta) 
	Figure 4-43: Comparison of Altitude, Velocity, and Thrust Profiles for the Proposed Delayed Deceleration Approach with 3.77Final Descent (black) and Flown ecoDemonstrator Procedure (magenta) 
	∘ 



	As seen in Figure 4-42 (a), the deceleration profile during the 2,000 ft level segment of the ecoDemonstrator procedure is shifted back about 1 nmi compared to the proposed procedure. This is because in the ecoDemonstrator flight, the deceleration from 240 to 230 knots was performed earlier and a buffer between the Flaps 20, gear down stabilization point and the glideslope intercept was included. The deceleration from 230 knots to 140 knots in the ecoDemonstrator flight profile has similar rates to those ca

	Baseline 1 Flight 
	Baseline 1 Flight 
	The flight profiles of Baseline 1, a standard deceleration approach with a 3final descent into Boeing Field Airport, is shown in Figure 4-44 (a). The altitude and groundspeed of this flight was obtained from radar data and the groundspeed profiles were converted into indicated airspeed by correcting for density altitude and available winds aloft data. The thrust profile was modeled in the Profile Generator. The approach consisted of a level segment at 4,000 ft between 35 and 20 nmi to touchdown and a level 
	∘ 

	Figure
	(a) Flight Profile Data (b) Modeled L𝐴,𝑀𝐴𝑋 (dB) Contours 𝐴,𝑀𝐴𝑋 (dB) Contours for Baseline 1 
	Figure 4-44: Flight Profile Data and Modeled L

	Finally, the fuel burn during this procedure, modeled using BADA4 from 30 nmi to 
	Finally, the fuel burn during this procedure, modeled using BADA4 from 30 nmi to 
	touchdown, was 1,230 lbs. 


	Baseline 2 Flight 
	Baseline 2 Flight 
	The flight profiles of Baseline 2, an early deceleration approach with a 3final descent into Paine Field Airport, is shown in Figure 4-45 (a). The altitude and groundspeed of this flight was obtained from radar data and the groundspeed profiles were converted into indicated airspeed by correcting for density altitude and available winds aloft data. The thrust profile was modeled in the Profile Generator. The approach consisted of a level segment at 3,800 ft between 29 and 17 nmi to touchdown and a level seg
	∘ 
	from touchdown. The resulting 

	Figure
	(a) Flight Profile Data (b) Modeled L𝐴,𝑀𝐴𝑋 (dB) Contours 𝐴,𝑀𝐴𝑋 (dB) Contours for Baseline 2 
	Figure 4-45: Flight Profile Data and modeled L

	Finally, the fuel burn during this procedure, modeled using BADA4 from 30 nmi to touchdown, was 1,780 lbs. 

	Comparison of ecoDemonstrator Flight Modeled Noise Impacts with Baselines 
	Comparison of ecoDemonstrator Flight Modeled Noise Impacts with Baselines 
	The profile data of Baseline 1 (black) is shown in Figure 4-46 overlaid on the ecoDemonstrator Flight (magenta) for comparison. Thrust for both procedures was modeled using the Flight Profile Generator. 
	Figure
	Figure 4-46: Comparison of Altitude, Velocity, and Thrust Profiles for Baseline 1 (black) and ecoDemonstrator Flight (magenta) 
	Figure 4-46: Comparison of Altitude, Velocity, and Thrust Profiles for Baseline 1 (black) and ecoDemonstrator Flight (magenta) 


	Noise under the flight track for both procedures is shown in Figure 4-47 (a). The reduction in noise under the flight track when flying the ecoDemonstrator procedure compared to Baseline 1 is shown in Figure 4-47 (b). 
	Figure
	(a) L𝐴,𝑀𝐴𝑋 (dB) Noise Under the Flight Track 
	Figure
	(b) Reduction in L𝐴,𝑀𝐴𝑋 (dB) Noise Under the Flight Track when Flying the ecoDemonstrator Procedure compared to Baseline 1 
	Figure 4-47: Noise Levels Under the Flight Track for Baseline 1 and the ecoDemonstrator Procedure 
	𝐴,𝑀𝐴𝑋 is observed between 27 and 20 nmi to touchdown when flying the continuous descent in the ecoDemonstrator procedure compared to the 4,000 ft level segment and subsequent thrust increase in Baseline 1. The two procedures have similar noise profiles between about 20 and 12 nmi to touchdown. Differences in the thrust onset at the start of the 2,000 ft level segment between the two procedures result in spikes in the noise reduction between 12 and 10 nmi shown in Figure 4-47 (b). An approximately 6 dB n
	𝐴,𝑀𝐴𝑋 is observed between 27 and 20 nmi to touchdown when flying the continuous descent in the ecoDemonstrator procedure compared to the 4,000 ft level segment and subsequent thrust increase in Baseline 1. The two procedures have similar noise profiles between about 20 and 12 nmi to touchdown. Differences in the thrust onset at the start of the 2,000 ft level segment between the two procedures result in spikes in the noise reduction between 12 and 10 nmi shown in Figure 4-47 (b). An approximately 6 dB n
	As shown in Figure 4-47, an approximately 6-10 dB reduction in L
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	ecoDemonstrator procedure results in an over 5 dB noise reduction compared to the 3final descent glideslope of Baseline 1 between 3 nmi to touchdown. 
	∘ 


	Finally, the profile data of Baseline 2 (black) is shown in Figure 4-49 overlaid on the ecoDemonstrator Procedure (magenta) for comparison. Thrust for both procedures was modeled using the Flight Profile Generator. 
	Figure
	Figure 4-48: Comparison of Altitude, Velocity, and Thrust Profiles for Baseline 2 (black) and the ecoDemonstrator Procedure (magenta) 
	Figure 4-48: Comparison of Altitude, Velocity, and Thrust Profiles for Baseline 2 (black) and the ecoDemonstrator Procedure (magenta) 


	Noise under the flight track for both procedures is shown in Figure 4-49 (a). The reduction in noise under the flight track when flying the ecoDemonstrator procedure compared to Baseline 2 is shown in Figure 4-49 (b). 
	Figure
	(a) L𝐴,𝑀𝐴𝑋 (dB) Noise Under the Flight Track 
	Figure
	(b) Reduction in L𝐴,𝑀𝐴𝑋 (dB) Noise Under the Flight Track when Flying the ecoDemonstrator Procedure compared to Baseline 2 
	Figure 4-49: Noise Levels Under the Flight Track for Baseline 2 and the ecoDemonstrator Procedure 
	𝐴,𝑀𝐴𝑋 is observed between 27 and 17 nmi to touchdown when flying the continuous descent in the ecoDemonstrator procedure compared to the 3,800 ft level segment and subsequent thrust increase in Baseline 2. Additional reductions in noise are observed in this region due to the Flaps 1 and Flaps 5 release in Baseline 2. Between 15 and 7 nmi, an approximately 6 dB noise reduction is observed due to the delayed flap deployment and idle thrust of the ecoDemonstrator procedure. This reduction occurs despite th
	𝐴,𝑀𝐴𝑋 is observed between 27 and 17 nmi to touchdown when flying the continuous descent in the ecoDemonstrator procedure compared to the 3,800 ft level segment and subsequent thrust increase in Baseline 2. Additional reductions in noise are observed in this region due to the Flaps 1 and Flaps 5 release in Baseline 2. Between 15 and 7 nmi, an approximately 6 dB noise reduction is observed due to the delayed flap deployment and idle thrust of the ecoDemonstrator procedure. This reduction occurs despite th
	As shown in Figure 4-49, an approximately 6-10 dB reduction in L
	∘ 

	dB noise reduction compared to the 3final descent glideslope of Baseline 2 between 3 nmi to touchdown. 
	∘ 



	ecoDemonstrator Flights Summary 
	ecoDemonstrator Flights Summary 
	The ecoDemonstrator flight of the delayed deceleration approach with a steeper 3.77final descent was reported by the pilots to have no significant flyability issues. 
	∘ 

	Subsequent noise modeling of the flight also showed there are noise benefits of various components of this procedure. Those noise benefits included the 6-10 dB noise noise reduction observed when flying a continuous descent versus level segments as seen when comparing both Baseline 1 and 2 to the ecoDemonstrator flight. The noise benefits included approximately 6 dB noise reductions due to delaying the deceleration and subsequent Flaps 1 and 5 deployment. Additional noise reductions of approximately 5 dB we
	∘ 
	∘ 

	The ecoDemonstrator flight also showed significant fuel burn reduction compared to the baselines. The total fuel burn as modeled in BADA 4 from 30 nmi to touchdown for each flight was: 
	∙ ecoDemonstrator Flight: 810 lbs ∙ Baseline 1: 1230 lbs ∙ Baseline 2: 1780 lbs 
	The results indicate that the ecoDemonstrator flight resulted in a fuel burn reduction of 420 lbs compared to Baseline 1 and 970 lbs compared to Baseline 2. 
	These comparisons highlight the potential for significant community noise and fuel burn reductions through the implementation of continuous descents, delayed deceleration and configuration deployment, and steeper descents in approach procedure design. 



	4.5 Chapter 4 Conclusion 
	4.5 Chapter 4 Conclusion 
	The case studies of this chapter show that for modern aircraft on departure, changes in aircraft speed have minimal impact on the overall aircraft departure noise. Varying flap retraction and acceleration location was shown to result in minimal differences in the departure profile and thus insignificant differences in noise. Furthermore, aircraft on departure operate at moderate to high thrust levels, and aircraft are cleanly configured relatively early in departure procedure. Thus changing departure climb 
	The case studies of this chapter also show that for modern aircraft on arrival, changes in both descent angle and approach airspeed can have a significant impact on the overall aircraft noise. Maintaining a higher glidepath angle such as in continuous descent approaches or steeper approaches compared to approaches with level segments benefits noise with additional altitude gain but requires the presence of enough drag to perform the approach. Also, engine thrust on approach is often low and thus airframe no
	The case studies of this chapter also show that for modern aircraft on arrival, changes in both descent angle and approach airspeed can have a significant impact on the overall aircraft noise. Maintaining a higher glidepath angle such as in continuous descent approaches or steeper approaches compared to approaches with level segments benefits noise with additional altitude gain but requires the presence of enough drag to perform the approach. Also, engine thrust on approach is often low and thus airframe no
	shown to have a significant impact on approach noise. Thus, a delayed deceleration approach where the aircraft can maintain a flaps and slats retracted configuration for as long as possible and also delay the need to increase thrust on approach is beneficial for noise. This procedure has the potential to reduce community noise but has implementation challenges, including the ability of pilots to know where to begin the deceleration for different aircraft weights and wind conditions and how air traffic contr

	Chapter 5 


	Framework for Analyzing Performance and Noise of Windmilling Drag and Hybrid Electric Aircraft 
	Framework for Analyzing Performance and Noise of Windmilling Drag and Hybrid Electric Aircraft 
	In addition to conventional aircraft, certain advanced aircraft configurations have community noise reduction potential. This is due to both potential to reduce the noise source levels of certain components and reduction of noise through performance of certain flight procedures made possible with advanced configurations. In Chapter 2 the use of windmilling drag on approach by hybrid electric aircraft for community noise reduction was identified as one such concept with the potential for noise reduction. Thu
	To analyze performance and community noise of advanced operational approach procedures for hybrid electric aircraft including windmilling drag, the framework introduced in Chapter 3 is modified to include the necessary performance and noise analysis components, as shown in Figure 5-1. 
	Because assessing noise reduction potential is the primary focus of this thesis, hybrid 
	Because assessing noise reduction potential is the primary focus of this thesis, hybrid 
	electric aircraft performance within the Aircraft Performance Module is modeled using a retrofit approach. Given a conventional aircraft with turbofan engines modeled in TASOPT, the aircraft is modeled with "retrofitted" hybrid electric engines while maintaining the same airframe geometry and mission performance. The TASOPT engine core and propulsor area is resized to obtain the performance parameters for hybrid electric aircraft. More detail of this retrofit process is described in section 5.1.1. 

	Drag data for windmilling engines is obtained from blade element theory as described in section 5.1.2 and is coupled with BADA 4 drag polars to obtain the aircraft flight performance. 
	In the Aircraft Noise Module, ANOPP’s normal turbofan source noise models are used given the performance of the retrofit hybrid electric engines. For windmilling procedures, ANOPP’s gas generator source noise modules are combined with windmilling engine noise from external sources for the total aircraft noise prediction. Methods for the prediction of windmilling noise are discussed in section 5.2.1. 
	Figure
	Figure 5-1: Framework to Analyze Aircraft Community Noise Impact of Hybrid Electric Aircraft Utilizing Windmilling Drag on Approach 
	Figure 5-1: Framework to Analyze Aircraft Community Noise Impact of Hybrid Electric Aircraft Utilizing Windmilling Drag on Approach 


	5.1 Aircraft Performance Model to Include Electrified Engines 
	5.1 Aircraft Performance Model to Include Electrified Engines 
	5.1.1 Hybrid-Electric Aircraft Performance Model 
	5.1.1 Hybrid-Electric Aircraft Performance Model 
	For turbofan engine performance modeling (including internal engine performance states, aircraft weight, engine diameter, and nacelle drag), the framework uses TASOPT and BADA 4 respectively, which provide modeling capabilities for the engine states of turbofan-equipped aircraft. Alternative sources of engine state and drag information are required for modeling the geometry and performance of hybrid electric engines. 
	Hybrid electric engines can be sized by either: 
	1. 
	1. 
	1. 
	Retrofitting a turbofan aircraft with hybrid electric engines, maintaining the same airframe 

	2. 
	2. 
	Sizing a new aircraft with hybrid electric engines from scratch given mission requirements 


	Because assessing noise reduction potential is the primary focus of this thesis, hybrid electric aircraft performance is modeled using the retrofit method. In the retrofit method, aircraft sized in TASOPT has its engines modified to be turboelectric, such as is shown in Figure 5-2, with the engines for both aircraft shown schematically in Figure 5-3. It should be noted that one approach to the new sizing method is to modify the aircraft and engine sizing routines in TASOPT to include the weight and performa
	Figure
	(a) (b) 
	Figure 5-2: Aircraft Retrofitting for (a) Standard Turbofan and (b) Turboelectric Fan 
	Figure
	Figure 5-3: Power in and out definitions for a (a) standard turbofan and (b) turboelectric fan 
	Figure 5-3: Power in and out definitions for a (a) standard turbofan and (b) turboelectric fan 


	(a) (b) 
	In the retrofit method implemented, the airframe of the aircraft sized in TASOPT is fixed and the engines are conceptually retrofitted to be turboelectric in order to obtain a representative new aircraft total weight, drag, and engine area. It is assumed that for the conventional turbofan sized in TASOPT (Figure 5-3 (a)), the gas generator produces a core power 𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 which mechanically drives a propulsor. This propulsor then 𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙
	converts the 
	hybrid electric engine produces 
	power is additionally reduced by the efficiency of the electrical system 

	𝑉∞, 𝑃 𝑜𝑤𝑒𝑟𝑜𝑢𝑡,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝐷𝑟𝑎𝑔ℎ𝑦𝑏𝑟𝑖𝑑𝑉∞ (assuming steady level flight) must increase relative to 𝑃 𝑜𝑤𝑒𝑟𝑜𝑢𝑡,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙. The required 𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 needed is thus increased by the relation given by equation 5.1. 
	Thus if the retrofitted aircraft is sized to maintain the same mission velocity 
	then 

	(︁ )︁(︁ )︁ 
	1 
	1 
	𝐷𝑟𝑎𝑔
	ℎ𝑦𝑏𝑟𝑖𝑑 

	𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 (5.1)
	𝐷𝑟𝑎𝑔𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 
	𝜂𝑒𝑙𝑒𝑐 

	Equation 5.1 is the primary retrofit equation and is implemented in a sizing loop described below to obtain the final sized components of the retrofit aircraft. Knowing the required core power of the hybrid retrofit aircraft enables the sizing of the electrical components and aircraft weight as well as the sizing of the retrofit fan area. This sizing loop is a post-processing step applied to TASOPT outputs in order to obtain the retrofit aircraft. 
	Retrofit Sizing Loop 
	To perform a hybrid electric aircraft retrofit given a conventional aircraft from TASOPT, the turboelectric engine from Figure 5-3 is assumed. A dump battery/resistor that would collect the residual power when windmilling was included in sizing. 
	𝜂𝑒𝑙𝑒𝑐 is obtained considering the efficiencies of the electrical system. For a gas generator supplying power to a generator which is then used to power N motors that power N fans, the power conversion from the core to the fan output can be obtained as: 
	The overall efficiency of the electrical system 

	𝑃𝑜𝑢𝑡,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝜂𝑒𝑙𝑒𝑐𝑃𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝜂𝑚𝑜𝑡𝑜𝑟𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝜂𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟𝜂𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑃𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 (5.2) 
	Engine thrust scales with the fan face area. Assuming drag equals thrust for steady level flight, the ratio of the required hybrid engine fan area and the conventional engine area is obtained as: 
	𝐷𝑟𝑎𝑔ℎ𝑦𝑏𝑟𝑖𝑑(Δ𝑊 𝑒𝑖𝑔ℎ𝑡ℎ𝑦𝑏𝑟𝑖𝑑𝑒𝑛𝑔𝑖𝑛𝑒)
	𝐴𝑟𝑒𝑎ℎ𝑦𝑏𝑟𝑖𝑑𝑒𝑛𝑔𝑖𝑛𝑒 

	= (5.3)
	𝐴𝑟𝑒𝑎𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙𝑒𝑛𝑔𝑖𝑛𝑒 𝐷𝑟𝑎𝑔𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑊 𝑒𝑖𝑔ℎ𝑡ℎ𝑦𝑏𝑟𝑖𝑑𝑒𝑛𝑔𝑖𝑛𝑒 represents the difference in weight between the hybrid engine and the conventional engine, given by: 
	where Δ

	𝑊 𝑒𝑖𝑔ℎ𝑡ℎ𝑦𝑏𝑟𝑖𝑑𝑒𝑛𝑔𝑖𝑛𝑒 ∼ Δ𝑊 𝑒𝑖𝑔ℎ𝑡𝑐𝑜𝑟𝑒(𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑) 
	Δ

	+Δ𝑊 
	+Δ𝑊 
	+Δ𝑊 
	𝑒𝑖𝑔ℎ𝑡𝑓𝑎𝑛(𝐴𝑟𝑒𝑎ℎ𝑦𝑏𝑟𝑖𝑑𝑒𝑛𝑔𝑖𝑛𝑒) 

	+Δ𝑊 
	+Δ𝑊 
	𝑒𝑖𝑔ℎ𝑡𝑛𝑎𝑐𝑒𝑙𝑙𝑒(𝐴𝑟𝑒𝑎ℎ𝑦𝑏𝑟𝑖𝑑𝑒𝑛𝑔𝑖𝑛𝑒) 


	+ 𝑊 𝑒𝑖𝑔ℎ𝑡𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙𝑠𝑦𝑠𝑡𝑒𝑚(𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑) (5.4) 
	The weight and performance of the electrical components of electrified engines, such as cables, generators, inverters, etc., denoted with in Figure 5-4 are sized based on power density and efficiency predictions depending on the assumed technology level. The technology level assumptions given by NASA as stated in Chapter 2 were used in this retrofit analysis. Future self-cooled motors and generators for flight applications have been estimated by NASA to have a max continuous power in the 1-2.5 MW class and 
	† 

	The weight of the core, fan, and nacelles and nacelle drag are assumed to scale with updated mass flow rate requirements and fan diameter derived by Hall et al [87]. 
	An initial guess for the mass flow rate difference between the conventional and retrofitted aircraft (Δ ˙𝑚) provides an initial guess for the hybrid electric aircraft mass flow rates: 
	𝑚˙ 𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 =Δ˙𝑚 + 𝑚˙ 𝑐𝑜𝑟𝑒,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 (5.5) 
	𝑚˙ 𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 =Δ˙𝑚 + 𝑚˙ 𝑓 𝑎𝑛,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 (5.6) 
	These mass flow rates and the power in the electrical system components provides the guessed increase in weight of the hybrid electric aircraft. The core, fan, and nacelle masses 
	as a function of core and fan mass flow rates are as follows, as implemented by Hall et al [87]: 
	𝑘𝑔 
	𝑚𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑁𝑐𝑜𝑟𝑒𝑠𝐾𝑐𝑜𝑟𝑒(˙ 𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 = 45.6 (5.7)
	𝑚), 𝐾𝑐𝑜𝑟𝑒 
	1
	.2 

	(𝑘𝑔/𝑠)
	(𝑘𝑔/𝑠)
	1
	.2 

	𝑘𝑔 
	𝑚=1.3 (5.8)
	1
	.2 

	𝑚𝑓𝑎𝑛,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑁𝑓 𝑎𝑛𝑠𝐾𝑓𝑎𝑛(˙ 𝑓𝑎𝑛,ℎ𝑦𝑏𝑟𝑖𝑑), 𝐾𝑓𝑎𝑛 
	(𝑘𝑔/𝑠)
	(𝑘𝑔/𝑠)
	1
	.2 

	𝑚𝑛𝑎𝑐𝑒𝑙𝑙𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑁𝑓𝑎𝑛𝑠𝐾𝑛𝑎𝑐𝑒𝑙𝑙𝑒(˙𝑚𝑓𝑎𝑛,ℎ𝑦𝑏𝑟𝑖𝑑), 𝐾𝑛𝑎𝑐𝑒𝑙𝑙𝑒 =4.56 (5.9)
	𝑘𝑔 

	(𝑘𝑔/𝑠) 
	(𝑘𝑔/𝑠) 

	The electrical system mass is obtained from the power to mass ratios of the electrical components for whichever technology level is assumed: 
	𝑚𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙𝑠𝑦𝑠𝑡𝑒𝑚,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑚𝑏𝑎𝑡𝑡𝑒𝑟𝑦 + 𝑃𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟/( 𝜂𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟)
	𝑃 

	𝑚𝑎𝑠𝑠 𝑃 𝑃 
	+ 𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟/( 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟)+ 𝑃𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟/( 𝜂𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟)
	𝑚𝑎𝑠𝑠 𝑚𝑎𝑠𝑠 
	+ 𝑃𝑚𝑜𝑡𝑜𝑟 /( 𝜂𝑚𝑜𝑡𝑜𝑟)) (5.10)
	𝑃 

	𝑚𝑎𝑠𝑠 
	It was assumed that the excess power generated during windmilling could be extracted into a resistor or dump battery (The excess power generated during windmilling was outputted from blade element theory described in section 5.1.2). For sizing the retrofit hybrid electric aircraft, the maximum power generated during windmilling was used to size a dump battery. The dump battery was assumed to have a battery specific power (BSP), or maximum power available per unit mass, of 2,700 W/kg, as was implemented by H
	𝑚𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑃𝑤𝑖𝑛𝑑𝑚𝑖𝑙𝑙𝑖𝑛𝑔 /𝐵𝑆𝑃 + 𝑃𝑤𝑖𝑛𝑑𝑚𝑖𝑙𝑙𝑖𝑛𝑔/( 𝜂𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟) (5.11)
	𝑃 

	𝑚𝑎𝑠𝑠 
	Thus the hybrid electric aircraft weight is obtained, enabling fan area to be obtained from equation 5.3 given the conventional aircraft weight and fan area. 
	Induced drag of the hybrid electric aircraft is also obtained from the expected lift 
	Induced drag of the hybrid electric aircraft is also obtained from the expected lift 
	coefficient assuming the lift is equal to weight: 

	𝑊 𝑒𝑖𝑔ℎ𝑡ℎ𝑦𝑏𝑟𝑖𝑑 
	𝐶𝐿 = (5.12) 
	1 

	𝜌𝑉𝑆𝑟𝑒𝑓 
	2 
	∞ 
	2 

	𝐶
	𝐶
	𝐿 
	2 

	𝐶𝐷,𝑖 = (5.13)
	𝜋𝐴𝑅𝑒 
	The change in profile drag due to the change in nacelle size is obtained from the TASOPT nacelle sizing model [98]: 
	𝑙𝑒𝑛𝑔𝑡ℎ𝑛𝑎𝑐𝑒𝑙𝑙𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 =0.15𝑟𝑆𝑛𝑎𝑐𝑒 𝑑𝑓𝑎𝑛,ℎ𝑦𝑏𝑟𝑖𝑑 (5.14) 
	𝑉∞𝑙𝑒𝑛𝑔𝑡ℎ𝑛𝑎𝑐𝑒𝑙𝑙𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 

	𝑅𝑒𝑛𝑎𝑐𝑒𝑙𝑙𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 = (5.15) 0.074 
	𝜈 

	𝐶𝑓,𝑛𝑎𝑐𝑒𝑙𝑙𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 = ; (5.16)
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	𝑛𝑎𝑐𝑒𝑙𝑙𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 
	𝑟𝑆𝑛𝑎𝑐𝑒 𝐴𝑟𝑒𝑎𝑓𝑎𝑛,ℎ𝑦𝑏𝑟𝑖𝑑 
	𝑟𝑆𝑛𝑎𝑐𝑒 𝐴𝑟𝑒𝑎𝑓𝑎𝑛,ℎ𝑦𝑏𝑟𝑖𝑑 

	𝐶𝐷,𝑝𝑟𝑜𝑓𝑖𝑙𝑒,𝑛𝑎𝑐𝑒𝑙𝑙𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑟𝑉 𝐶𝑓,𝑛𝑎𝑐𝑒𝑙𝑙𝑒,ℎ𝑦𝑏𝑟𝑖𝑑; (5.17)
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	𝑠𝑢𝑟𝑓 
	𝑆𝑤𝑖𝑛𝑔 𝑟𝑆is the nacelle wetted-to-flow area ratio assumption and 𝑟is the ratio of the 
	𝑛𝑎𝑐𝑒 
	𝑉 
	3 

	𝑠𝑢𝑟𝑓 
	nacelle local velocity to the freestream velocity. 
	The change in drag due to the hybrid electric system is used to obtain the ratio of drag between the hybrid electric aircraft and the conventional. This drag ratio, the electrical system power core to power out efficiency from equation 5.2, and the conventional aircraft core power gives the core power for the hybrid electric aircraft. The updated fan and core mass flow rates, which scale with the fan area and core power respectively, are then obtained. These are then used to update the weights using equatio
	˙

	Figure
	𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙, 𝐷𝑟𝑎𝑔𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙, 𝐴𝑟𝑒𝑎𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 from TASOPT, Values Labeled with from Hall et al [87] and from Technology Level Assumptions [95][73] 
	𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙, 𝐷𝑟𝑎𝑔𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙, 𝐴𝑟𝑒𝑎𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 from TASOPT, Values Labeled with from Hall et al [87] and from Technology Level Assumptions [95][73] 
	Figure 5-4: Retrofit Hybrid Electric Aircraft Sizing Loop given Input 
	♮ 
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	𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑, the internal operating states of the retrofitted aircraft required to obtain the noise of the turbo-generator components of the engine (jet and combustion) discussed in section 3.3.1 are obtained from the TASOPT-generated internal engine 𝑃 𝑜𝑤𝑒𝑟𝑐𝑜𝑟𝑒,ℎ𝑦𝑏𝑟𝑖𝑑 operating conditions. 
	Given 
	performance maps at the 


	5.1.2 Windmilling Engine Drag Model 
	5.1.2 Windmilling Engine Drag Model 
	As discussed in section 3.2, because TASOPT does not incorporate configuration drag (flaps, slats, and landing gear drag) modeling, BADA 4 is used to obtain configuration drag for existing aircraft. 
	For flight profile modeling of hybrid electric aircraft, sources of weight and drag that are not included within the BADA 4 database are modeled separately. These include drag increase estimates of windmilling engines and potential weight difference estimates of hybrid electric engine components compared to traditional gas-turbine engines. For an initial estimate, BADA 4 drag polars are be used to model the drag of hybrid electric aircraft that have little changes in the external airframe compared to an exi
	For flight profile modeling of hybrid electric aircraft, sources of weight and drag that are not included within the BADA 4 database are modeled separately. These include drag increase estimates of windmilling engines and potential weight difference estimates of hybrid electric engine components compared to traditional gas-turbine engines. For an initial estimate, BADA 4 drag polars are be used to model the drag of hybrid electric aircraft that have little changes in the external airframe compared to an exi
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	Actuator disk theory thus shows that for a constant area duct, the maximum possible 𝑉𝐸 /𝑉= 0.5 and is equal to 0.5. 
	drag coefficient for this representation occurs when 
	0 

	𝐴𝐷𝑖𝑠𝑘, as applying requires simple inputs and does not require details about rotor blade geometry. However predictions of precise drag coefficients as functions of rotation rate of the rotor blades is not captured by this method. 
	This method is used for preliminary analysis of fan drag based on fan face area 

	For more precise drag modeling, given fan face area and blade and duct geometry is obtained, windmilling drag as a function of RPM is modeled using blade-element/vortex theory methods in XROTOR [121]. Blade-element/vortex theory involves commuting thrust and torque of a rotor by dividing the blades into small radial segments, as shown in Figure 5-6 (a) and integrating the forces imparted on the blades by the air at each segment, shown in Figure 5-6 (b). 
	Figure
	Figure 5-6: Blade Element Theory Diagram (a) and Force Vectors in a Blade Section Diagram (b), Figures from [122] 
	Figure 5-6: Blade Element Theory Diagram (a) and Force Vectors in a Blade Section Diagram (b), Figures from [122] 


	(a) (b) 
	This theory is used to model the drag, power, and losses associated with ducted rotors as functions of RPM and flight velocity and requires detailed blade geometry and performance, 
	This theory is used to model the drag, power, and losses associated with ducted rotors as functions of RPM and flight velocity and requires detailed blade geometry and performance, 
	including blade count, angle distribution, and chord distribution and the lift and drag polars of the blade airfoils. If this information is not available, QPROP and XROTOR can be used to first design rotor geometries based on Minimum Induced Loss conditions and then be used to solve for the rotor off design performance. Results are sensitive the negative blade lift and drag coefficients that are expected during windmilling. 

	Within the framework shown in Figure 5-1, blade-element theory with XROTOR is utilized because it enables modeling windmilling drag as a function of fan RPM and thus a model of controlled drag. After obtaining blade geometry and airfoil polars, windmilling drag is obtained by modeling the fan performance at high enough advance ratios , or low enough RPMs, that the resulting force on the blade sections have a negative direction. 
	Ω 
	𝑉
	𝑅 



	5.2 Component-Based Aircraft Noise Module with Windmilling Fan Noise 
	5.2 Component-Based Aircraft Noise Module with Windmilling Fan Noise 
	The Component-Based Aircraft Noise Module is updated to include windmilling fan engine noise, shown in Figure 5-7. Gas generator source noise (core and jet) and fan source noise in normal operating conditions are modeled using ANOPP engine source noise models with the internal engine performance parameters from the retrofit hybrid aircraft. For engines operating in windmilling conditions, fan noise is modeled with the method described in section 5.2.1 while gas generator source noise (core and jet) is model
	Figure
	Figure 5-7: Component-Based Aircraft Noise Module, Including Windmilling Fan Noise 
	Figure 5-7: Component-Based Aircraft Noise Module, Including Windmilling Fan Noise 


	5.2.1 Windmilling Fan Noise Modeling 
	5.2.1 Windmilling Fan Noise Modeling 
	Noise sources that have not been previously included in the ANOPP model, such as fans in windmilling conditions, are added from an external method. The fan noise models within ANOPP are based on data correlations from engines operating near design conditions, suggesting that it is not an appropriate model for predicting noise of a windmilling fan. Instead, a model that enables fan noise modeling at the low RPMs typical of windmilling conditions is more appropriate, although may require a larger set of input
	Fan noise can be decomposed into broadband noise components, produced by turbulence interactions, and discrete tone noise components, attributed to lift and pressure fluctuations on either the rotor or stator blades that are periodic in time. Broadband noise components are summarized as follows: 
	∙ 
	∙ 
	∙ 
	Rotor-Wake Stator Interaction noise, or noise generated by the interaction of stators with rotor wake turbulence created upstream [123], as represented in Figure 5-8. 

	∙ 
	∙ 
	Self-noise, or noise generated from the interaction of the turbulence in the blade boundary layer with the blade trailing edges [125], as represented in Figure 5-9. 

	∙ 
	∙ 
	Tip/hub noise, or noise generated by the additional interaction of the turbulent flow around the blades with the duct boundary layer and fan hub [125], as represented in Figure 5-10. 

	∙ 
	∙ 
	Stalling blade noise. Because blades of rotors operating at the low RPMs typical of windmilling conditions may operate at very negative angles of attack, a noise mechanism that may be significant in windmilling fans is noise produced by the turbulence due to stalling blades [126], as represented in Figure 5-11. 


	Figure
	Figure 5-8: Representation of Noise Generation by Rotor Wake Turbulence Interacting with Stator, Figure from [124] 
	Figure 5-8: Representation of Noise Generation by Rotor Wake Turbulence Interacting with Stator, Figure from [124] 


	Figure
	Figure 5-9: Blade Self Noise Representation, Figure from [126] 
	Figure 5-9: Blade Self Noise Representation, Figure from [126] 


	Figure
	Figure 5-10: Representation of Duct Boundary Layer Interaction with Turbulence at Blade Tip, Figure from [125] 
	Figure 5-10: Representation of Duct Boundary Layer Interaction with Turbulence at Blade Tip, Figure from [125] 


	Figure
	Figure 5-11: Representation of Stalling Blade Noise Mechanism, Figure from [126] 
	Figure 5-11: Representation of Stalling Blade Noise Mechanism, Figure from [126] 


	The methods for modeling each of these components in this framework are listed below. For this method, broadband fan noise is modeled using the NASA Broadband Fan Noise Prediction System (BFaNS) [127], shown in Figure 5-12. 
	distribution, chord, span, number of blades, rotor-stator spacing, and duct geometry. The flow velocity triangles and pressure at the leading and trailing edges of the rotor blades and stator vanes is also required for this method. The flow turbulence (defined by turbulent velocity and length scales) impacting the blades/vanes, divided into turbulent bands along the blade/vane radii, is also required for this method. The methodology for obtaining the turbulence characteristics in the rotor wake and duct bou
	– Rotor Wake: In BFANS, the turbulence in the rotor wake impinging on the stator vanes is based on the correlations by Wygnanski et al [129], where the wake 𝑊 𝛿𝑤, and wake turbulence 𝑤 𝑤 are given by equations 5.21, 5.22, 5.23: 
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	In BFANS, the constants in these equations correspond to a symmetric airfoil. 𝑠 is the streamwise distance downstream from the rotor trailing edges. is the momentum thickness, derived from cascade data from [130], and is a function of 𝐷𝑓 given by equation 5.24: 
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	The turbulent length scale Λ of the wake is assumed proportional to the wake 𝛿𝑤 as: 
	thickness 

	𝐶𝛿𝑤, 𝐶 =0.68 (5.25) 
	Λ= 

	which is based on the methodology by Glegg [123], who used a Von Karman type turbulence spectrum. 
	– Duct Boundary Layer: for modeling the tip/hub boundary layer interaction noise in BFANS, the duct and hub is assumed to have a turbulent flat plate boundary layer, and thus the boundary layer is assumed to be given by equation 5.26: 
	𝛿 =0.37𝐿𝑅(5.26) 
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	𝑅𝐿 is given by: 
	where the Reynolds number 

	𝑈∞𝐿 
	𝑅𝐿 = (5.27)
	𝜈 
	where L is measured at the start of the duct and hub tip. The average turbulence intensity in the flat plate boundary layer is assumed to be 5% of the free-stream velocity based on turbulence profiles given in [131]. The turbulent length scale Λ of the boundary layer is assumed proportional to the boundary layer thickness 𝛿 as: 
	Λ= 𝐶𝛿, 𝐶 =0.62 (5.28) 
	which is based on the methodology by Glegg [123], who used a Von Karman type turbulence spectrum. 
	∙ Self-noise: rotor trailing edge boundary layer interaction noise is modeled based on an experimental database of isolated NACA 0012 airfoils [126]. This database is used to estimate the generated noise spectrum for a given airfoil based on Mach number, Reynolds Number, and angle of attack. The noise generated was shown to scale with the boundary layer thickness and velocity to the fifth power. For blades in a cascade, the self-noise component also includes the turbulent flow noise generated by more than o
	Regarding stalling blade noise; the models above do not provide methods for 
	modeling stalling blades. In lieu of this limitation, the literature gives an estimate of the approximate noise contribution magnitude from stalling blades. Several sources indicate from measurement that stalling blades may result in approximately an additional 10 dB to the total rotor noise [68] [126] [133]. 
	Discrete tone noise of turbofans is attributed to lift fluctuations on either the rotor or stator blades that are periodic in time. The lift fluctuations generally originate from static pressure field modulations when a rotor chops an incoming wake or, as diagrammed in Figure 5-13, when the wakes and associating velocity and pressure fluctuations from the rotor impinge on the stator blades [36]. These pressure fluctuations form spinning pressure patterns, or duct modes, which either propagate to the far fie
	Figure
	Figure 5-13: Effect of Rotor Flow on Stator, Figure adapted from [135] 
	Figure 5-13: Effect of Rotor Flow on Stator, Figure adapted from [135] 


	Windmilling Fan Noise Modeling Inputs 
	Windmilling Fan Noise Modeling Inputs 
	Noise modeling of the windmilling fan components requires the blade, rotor, and duct geometry as well as the axial, radial, and tangential velocity components and pressures at 
	Noise modeling of the windmilling fan components requires the blade, rotor, and duct geometry as well as the axial, radial, and tangential velocity components and pressures at 

	Figure
	Figure 5-15: Ducted Fan Design Code method, Figure from [136] 
	Figure 5-15: Ducted Fan Design Code method, Figure from [136] 


	𝑝𝑜 at any point in the duct is assumed equal to the freestream 𝑝𝑜plus any work and loss contributions 𝐻and 𝑆across the rotor or stator row and are obtained from equation 5.29: 
	Finally, total pressure 
	total pressure 
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	𝑝𝑜 = 𝑝𝑜+ 𝜌 𝐻− 𝑆(5.29) 
	∞ 
	˜ 
	˜ 

	where 𝐻is the cumulative enthalpy jump across disks given as a function of the rotation rate Ω and number of blades B by: 
	˜ 

	Ω𝐵Γ ∑︁ 
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	and 𝑆is the cumulative entropy jump across disks given as a function of the mean 𝐶𝑓 of the disk by: 
	˜ 
	velocity out the rotor V and friction drag 

	˜
	𝑆𝑑𝑖𝑠𝑘 = 𝑉 𝐶𝑓 , 𝑆 = Δ𝑆𝑑𝑖𝑠𝑘 (5.31) 
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	5.3 Validation of Windmilling Engine Drag Coefficients 
	5.3 Validation of Windmilling Engine Drag Coefficients 
	To determine the validity of Windmilling fan drag obtained when using the framework described in section 5.2.1, drag results were modeled for a representative CFM56-7B turbofan engine used on Boeing 737-800 aircraft and were compared with actuator disk theory and existing windmilling drag data. 
	To model the drag of the example fan with blade element theory in XROTOR, representative fan blade geometry was obtained by measuring the blades of an available CFM56-3 engine, pictured in 5-16. Engine thrust and drag values are expected to vary with the blade chord/blade radius and blade angle with radial location and therefore the modeled performance obtained from this geometry are compared to CFM56-7B engine performance and existing windmilling drag data for validation. 
	Figure
	Figure 5-16: CFM56-3 Engine 
	Figure 5-16: CFM56-3 Engine 


	The blade count was adjusted to the blade count of a CFM56-7B engine as was provided 
	in Janes [100]. Fan diameter was also scaled to represent the CFM56-7B engine diameter while maintaining constant blade chord/blade radius and blade angle with radial location. NACA 0012 airfoils were assumed, to be consistent the airfoils used for the development of the BFANS rotor self noise model. Finally, the blade angle distribution was adjusted in 𝑅𝐸𝐹 + 10 knots, a thrust of 5,000 lbs per engine was obtained. This operating condition corresponds to a standard final approach operating condition, wit
	XROTOR such that, at an RPM of 3,000 and at a standard approach velocity of V

	The final blade geometry is shown in Table 5.1. 
	Table 5.1: CFM56 Blade Geometry used in Blade Element Theory Model 
	Radial Location/Fan Radius 
	Radial Location/Fan Radius 
	Radial Location/Fan Radius 
	Blade Chord/Fan Radius 
	Blade Angle (∘) 

	0.41 
	0.41 
	0.15 
	60.0 

	0.48 
	0.48 
	0.15 
	56.6 

	0.56 
	0.56 
	0.17 
	52.4 

	0.65 
	0.65 
	0.17 
	48.4 

	0.74 
	0.74 
	0.18 
	44.4 

	0.83 
	0.83 
	0.19 
	41.1 

	0.90 
	0.90 
	0.19 
	38.4 

	0.95 
	0.95 
	0.20 
	36.1 

	0.99 
	0.99 
	0.21 
	34.8 

	1.00 
	1.00 
	0.21 
	34.1 


	For the representative windmilling operating condition, RPM was slowed until the rotor tip approached the maximum lift coefficient for this airfoil, or just before stall. This was chosen as the minimum RPM criteria because as mentioned in section 5.2.1, stalling blades have the potential to incur up to 10 dB of additional fan noise, which is undesirable. This criteria set the RPM for the maximum windmilling drag to be just before blade stall. XROTOR outputs for this representative windmilling case are shown
	Figure
	Figure 5-17: XROTOR Outputs for Modeled CFM56-7B-Size Engine at the Maximum Windmilling Drag Operating Condition 
	Figure 5-17: XROTOR Outputs for Modeled CFM56-7B-Size Engine at the Maximum Windmilling Drag Operating Condition 


	XROTOR results shown in Figure 5-17 indicate that the maximum windmilling drag for this engine is about 4390 Newtons/engine, or 986 lbs/engine and a drag coefficient of 
	0.5 with respect to area of the engine face. This is consistent with actuator disk theory, which predicts a maximum drag coefficient of 0.5 with respect to area of the engine face, as discussed in section 5.1.2. 
	Additionally, the XROTOR prediction of a drag coefficient of 0.5 with respect to area of the engine face was compared to existing data of windmilling engines shown in figures 5-18 
	(a) and (b), taken from Gas Turbine Performance, 2nd Ed [137]. Figure 5-18 (a) shows drag coefficients for windmilling engines versus takeoff specific thrust of turbofan and turbojet engines, while 5-18 (b) shows empirically derived additional drag coefficient due to flight mach number versus takeoff specific thrust. The total drag coefficient is the sum of these two components. 
	Figure
	Figure 5-18: Turbojet and Turbofan Windmilling: Internal Drag Coefficient versus Specific Thrust and Mach Number; Figures from Gas Turbine Performance, 2nd Ed [137] 
	Figure 5-18: Turbojet and Turbofan Windmilling: Internal Drag Coefficient versus Specific Thrust and Mach Number; Figures from Gas Turbine Performance, 2nd Ed [137] 


	(a) Theoretical Drag Coefficient (b) Effect of Mach number 
	For a Boeing 737-800 with CFM56-7B engines, TASOPT engine state tables indicate a 𝑅𝐸𝐹 + 10 knots for an approach condition, Figures 5-18 (a) and (b) predict a theoretical and delta drag coefficient of approximately 0.33 and 0.21 respectively, or a total drag coefficient of 0.54. The XROTOR prediction is close to this data, albeit more conservative. 
	specific thrust of approximately 250 Ns/kg. At this specific thrust and at V


	5.4 Validation of Fan Noise Model Adapted for 
	5.4 Validation of Fan Noise Model Adapted for 
	Windmilling 
	To determine the validity of using the fan noise model described in section 5.2.1 for modeling windmilling fan noise, results were obtained from the model for the CFM56-7B-sized engine described in section 5.3 and were compared with available data at both standard approach and windmilling operating conditions. 
	5.4.1 Broadband Fan Noise Model Compared to ANOPP Fan 
	5.4.1 Broadband Fan Noise Model Compared to ANOPP Fan 
	Noise Module at Standard Approach Operating Conditions 
	Results obtained with the ANOPP fan noise module at various standard approach operating conditions were obtained and are compared to the framework fan model for windmilling 
	Results obtained with the ANOPP fan noise module at various standard approach operating conditions were obtained and are compared to the framework fan model for windmilling 
	engines. 

	As input for the BFANS noise model, the flow velocities at the rotor and stator leading and trailing edges were obtained using DFDC as described in section 5.2.1. The representative duct and hub airfoil shape coordinates were based on available duct and hub airfoil coordinates from a NASA TN-3122 test report [138]. The duct and hub airfoil coordinates were scaled such that their thickness-to-fan diameter ratios, as well as the axial location of the rotor and stator vanes along the channel, were that of the 
	Figure
	Figure 5-19: Assumed Duct and Hub Geometry used in DFDC to Obtain CFM56-7B Flow Velocities at the Rotor/Stator Leading and Trailing Edges 
	Figure 5-19: Assumed Duct and Hub Geometry used in DFDC to Obtain CFM56-7B Flow Velocities at the Rotor/Stator Leading and Trailing Edges 


	Broadband fan noise was obtained for four approach thrust conditions that correspond to the fan RPMs shown in Table 5.2 at a flight velocity of V𝑅𝐸𝐹 + 10 knots, based on the TASOPT engine state tables for the CFM56-7B engine. Overflight noise for a single engine was obtained with both ANOPP and the BFANS noise model at these RPMs and 𝐿𝐴,𝑀 𝐴𝑋 noise outputs from both models. 
	flight velocity at a simulated 120 m altitude observer. Table 5.2 also lists the 

	Table 5.2: Overflight Noise Outputs of ANOPP and BFANS for a Representative CFM56-7B 
	Engine at Altitude 120m 
	Engine at Altitude 120m 
	Engine at Altitude 120m 

	Fan Operating Condition ANOPP Fan Noise Outputs 
	Fan Operating Condition ANOPP Fan Noise Outputs 
	BFANS Fan Noise Outputs 

	Thrust/engine (lbs) 
	Thrust/engine (lbs) 
	RPM 
	Broadband (𝐿𝐴,𝑀𝐴𝑋 ) 
	Broadband (𝐿𝐴,𝑀𝐴𝑋 ) 

	500 
	500 
	1600 
	67.70 
	68.05 

	1000 
	1000 
	1900 
	71.04 
	71.52 

	3000 
	3000 
	2500 
	77.90 
	78.03 

	5000 
	5000 
	3000 
	81.66 
	81.31 


	Results from both models agree with each other at these operating conditions to within 
	0.5 dB or less, indicating consistency for modeling broadband fan approach noise between these two models. 

	5.4.2 Fan Noise Model Compared to Existing Data at Windmilling Conditions 
	5.4.2 Fan Noise Model Compared to Existing Data at Windmilling Conditions 
	Results obtained with the framework fan noise model was also compared with existing data to verify noise levels obtained on the component level and for noise levels obtained in windmilling conditions. 
	Existing fan noise data at the component level available in the literature is compared with component level noise obtained from the BFANS model for the representative CFM56-7B engine. The existing data is component level noise data obtained from a series of tests to examine the broadband fan noise of a Boeing 18 in fan rig, conducted in the Boeing Low-Speed Aeroacoustics Facility (LSAF) [71]. While the geometry of the Boeing 18 in fan is different from the representative CFM56-7B engine and thus the total n
	Figure
	Figure 5-20: Fan Noise Component Breakdown Comparison between Boeing 18 in Fan Noise Data and Modeled CFM56-7B Engine; Figure (a) from [71] 
	Figure 5-20: Fan Noise Component Breakdown Comparison between Boeing 18 in Fan Noise Data and Modeled CFM56-7B Engine; Figure (a) from [71] 


	(a) Boeing 18 in Fan Noise Data (b) BFANS Prediction at 3000 RPM 
	The noise component data shown in the Boeing test data of Figure 5-20 (a) was broken into rotor self noise, rotor tip boundary layer noise, and net stator noise, which includes the stator interaction with the rotor wake. It was speculated in the Boeing 18 in fan test report [71] that the rise in the rotor and total noise at low frequencies was due to residual noise from the test rig. For frequencies above 5 kHz, where the low-frequency noise floor was not significant, some key takeaways from the data in Fig
	The modeled representative CFM56-7B shown Figure 5-20 (b) also shows the dominant noise component is the rotor stator interaction noise, which is consistent with the Boeing 18 in fan data and a main driver of the total noise results. The spectral oscillations in the tip boundary layer noise are not present in the modeled results. It is shown in [139] that these spectral oscillations in the tip boundary layer interaction noise occur as a result of the turbulence in the duct boundary layer being anisotropic. 
	The data from the Boeing 18 in fan test is also used to examine expected windmilling fan noise magnitude compared to standard approach operating conditions. Figure 5-21 
	(a) contains noise measurements of the engine at various operating conditions, including a windmilling operating condition compared to a 55 percent fan speed operating condition. As 
	(a) contains noise measurements of the engine at various operating conditions, including a windmilling operating condition compared to a 55 percent fan speed operating condition. As 
	a comparison, Figure 5-21 (b) shows the component noise breakdown of the representative CFM56-7B engine operating at the windmilling condition of 300 RPM derived in section 5.3, overlaid on the total noise obtained during the 3,000 RPM operating condition. 

	Figure
	Figure 5-21: Comparison of Fan Noise During an Approach Condition versus Windmilling for Boeing 18 in Fan Noise Data and Modeled CFM56-7B engine; Figure (a) from [71] 
	Figure 5-21: Comparison of Fan Noise During an Approach Condition versus Windmilling for Boeing 18 in Fan Noise Data and Modeled CFM56-7B engine; Figure (a) from [71] 


	(a) Boeing 18 in Fan Noise Data (b) BFANS Modeled CFM56-7B at 300 RPM 
	While the fan geometry and operating conditions are not equivalent between these two cases, the data and modeled results shown in Figures 5-21 (a) and (b) indicate that windmilling fan broadband noise is approximately 20 dB below fan noise at standard approach conditions across the spectra. This is despite the differences in geometry in these cases. The difference in noise level between the modeled representative CFM56-7B at windmilling conditions and standard approach conditions is similar to the differenc

	5.4.3 Windmilling Fan Tone Noise 
	5.4.3 Windmilling Fan Tone Noise 
	The impacts of tone noise for windmilling fans is expected to be negligible compared to the windmilling fan broadband components. To demonstrate this, the ANOPP fan noise module was used to model expected tone noise at the standard approach operating conditions from Table 5.2. The model included assumed fan tone noise liner treatment using fan inlet and fan exhaust suppression models based on four commercial engine databases [140]. The ANOPP broadband and tone noise results for these conditions are shown in
	Table 5.3: Broadband versus Tone Overflight Noise Outputs of ANOPP for a Representative CFM56-7B Engine at Altitude 120m 
	Fan Operating Condition ANOPP Fan Noise Outputs 
	Thrust/engine (lbs) RPM Broadband (𝐿𝐴,𝑀𝑎𝑥) Tonal (𝐿𝐴,𝑀𝑎𝑥) 500 1600 67.70 57.41 1000 1900 71.04 60.71 3000 2500 77.90 67.82 5000 3000 81.66 71.66 
	The results in Table 5.3 show the fan tone noise is on average approximately 10 dB below the broadband noise on approach. Besides liner treatment, including lean and sweep in stator vane design has also been referenced as strategies to mitigate rotor stator interaction tones by increasing the variation in the phase of the rotor wakes interacting with the stators, thus causing more mode cancellation and fewer tones propagating to the far field [124][141]. These are thus potential design considerations that c
	Chapter 6 



	Case Studies of Advanced Operational Flight Procedures Performed by Hybrid Electric Aircraft with Windmilling Engine Drag 
	Case Studies of Advanced Operational Flight Procedures Performed by Hybrid Electric Aircraft with Windmilling Engine Drag 
	In this chapter, the framework presented in Chapter 5 is used to evaluate the approach noise impact of utilizing windmilling drag on approach by a representative hybrid electric aircraft. The representative hybrid electric aircraft is the Boeing 737-800 retrofitted for turboelectric engines. 
	The windmilling drag can be used to increase both the descent angle and deceleration rate during approach procedures. Both of these have been shown in Chapter 4 to reduce approach noise and the addition of windmilling drag enables flying these procedures in performance regimes beyond that of standard gas turbine aircraft. Thus to show the potential benefits of windmilling drag when applied to advanced approach procedures, the noise impacts are shown for the following three case studies: 
	∙ 
	∙ 
	∙ 
	A steeper Approach with Windmilling Drag 

	∙ 
	∙ 
	A Delayed Deceleration Approach with Windmilling Drag 

	∙ 
	∙ 
	A Combined Delayed Deceleration Steeper Approach with Windmilling Drag 


	For each of these case studies, the hybrid electric aircraft utilizing windmilling drag is compared to a Boeing 737-800 performing a standard 3continuous descent approach procedure with a standard deceleration rate. 
	∘ 

	6.1 Hybrid Electric Engine Retrofit Sizing Results 
	6.1 Hybrid Electric Engine Retrofit Sizing Results 
	Given the framework for analyzing community noise impacts of advanced operational flight procedures described in Chapter 5, the use of windmilling drag on approach by hybrid electric aircraft for community noise reduction is analyzed. Hybrid electric aircraft example impacts is examined against performance of conventional turbofan aircraft. 
	For this thesis, the Boeing 737-800 aircraft with CFM56-7B engines is the aircraft for which its performance and noise impacts are the basis for comparison. The initial conditions, or characteristics of this aircraft that are relevant to the retrofit process, were assumed to be the conditions at takeoff obtained from TASOPT, which are: 
	𝑚˙ 𝑐𝑜𝑟𝑒,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 = 51 𝑘𝑔/𝑠 (at takeoff) 
	𝑚˙ 𝑓𝑎𝑛,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 = 223 𝑘𝑔/𝑠 (at takeoff) 
	𝑓 𝑎𝑛,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 =1, 035 𝑙𝑏𝑠/𝑒𝑛𝑔𝑖𝑛𝑒 
	Weight

	𝑐𝑜𝑟𝑒,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 =4, 500 𝑙𝑏𝑠/𝑒𝑛𝑔𝑖𝑛𝑒 
	Weight

	𝑛𝑎𝑐𝑒𝑙𝑙𝑒,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 =1, 360 𝑙𝑏𝑠/𝑒𝑛𝑔𝑖𝑛𝑒 
	Weight

	𝑡𝑎𝑘𝑒𝑜𝑓𝑓,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 = 171, 660 𝑙𝑏𝑠 
	Weight

	𝑓𝑎𝑛,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 = 63 𝑖𝑛/𝑒𝑛𝑔𝑖𝑛𝑒 
	Diameter

	𝐷,𝑇 𝑎𝑘𝑒𝑜𝑓 𝑓,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 =0.0731 
	C

	𝑇 𝑎𝑘𝑒𝑜𝑓𝑓 = 176 𝑘𝑛𝑜𝑡𝑠 
	Velocity

	𝑐𝑜𝑟𝑒,𝑇 𝑎𝑘𝑒𝑜𝑓𝑓,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 = 10, 250 𝑘𝑊/𝑒𝑛𝑔𝑖𝑛𝑒 (at takeoff) 
	Power

	Given these initial conditions, two retrofit hybrid electric aircraft were sized with the process given in Figure 5-4 using the self-cooled, 2035 timeframe technology level and superconducting, 2050 timeframe technology level introduced in Chapter 2 and summarized in Table 6.1. The maximum continuous motor output power available for the takeoff 
	condition and the power density and efficiencies for the generator, motor, rectifier, and inverters are indicated. 
	Table 6.1: Hybrid Retrofit Technology Level Assumptions 
	Current State Self-Cooled Prediction Superconducting+Refrigeration of the Art (2035 Timeframe) Prediction (2050 Timeframe) 
	Max Continuous Power𝐺𝑒𝑛/𝑀 𝑜𝑡𝑜𝑟 (MW) 0.2 2.5 35 (predicted) Power Density𝐺𝑒𝑛/𝑀𝑜𝑡𝑜𝑟 (kW/kg) 2 13-16 ∼30 Power Density𝐼𝑛𝑣/𝑅𝑒𝑐𝑡 (kW/kg) 2.2 19 ∼30 
	𝜂𝐺𝑒𝑛/𝑀𝑜𝑡𝑜𝑟 0.95 0.99 0.99 𝜂𝐼𝑛𝑣/𝑅𝑒𝑐𝑡 0.95 0.99 0.99 
	For both cases, the engine configuration was assumed to be turboelectric with one gas generator core per wing supplying power to an electric generator which would supply electrical power to respective motors. The number of motors (and subsequently, the number of fans) for each case was determined to be the smallest number motors needed to produce the approximately 20 MW of total output power required on takeoff and constrained by the maximum continuous motor power available at the expected technology levels
	It was assumed that the excess power generated during windmilling could be extracted into a resistor or dump battery. For sizing the retrofit hybrid electric aircraft, the maximum power generated during windmilling, which was outputted from XROTOR, was used to size a dump battery. The dump battery was assumed to have a battery specific power (BSP), or maximum power available per unit mass, of 2,700 W/kg, as was implemented by Hall et al [87]. This value was determined by fixing the ratio of battery specific
	The details of the converged, retrofitted, hybrid electric aircraft, compared to the conventional aircraft are given in Table 6.2. Additional details about the weight assumptions of the resized components, as well as the assumption for the increase in drag, were given in section 5.1.1. 
	Table 6.2: Boeing 737-800 Retrofit Results Assuming Maintained Mission Range and Velocity, Airframe Geometry, at Different Technology Levels 
	B738 Conventional B738 “Turbo Electric” Retrofit B738 “Turbo Electric” Retrofit 
	Turbofan Aircraft 2MW Self-Cooled Motors 10MW Superconducting Motors 
	MTOW (lbs) 171,660 189,000 180,600 # Cores (total) 2 2 2 # Fans (total) 2 10 2 Fan Diameter (in) 63 30.2 65.4 C𝐷,𝑇 𝑎𝑘𝑒𝑜𝑓𝑓 0.0731 0.0843 0.0788 Weight𝑓 𝑎𝑛 (lbs/wing) 1,035 880 1,100 Weight𝑐𝑜𝑟𝑒 (lbs/wing) 4,500 5,500 5,110 Weight𝑛𝑎𝑐𝑒𝑙𝑙𝑒𝑠 (lbs/wing) 1,360 1,500 1,400 Weight𝑚𝑜𝑡𝑜𝑟 (lbs/wing) – 2,000 800 Weight𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 (lbs/wing) – 2,100 820 Weight𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟 (lbs/wing) – 1,420 650 Weight𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (lbs/wing) – 1,400 630 Weight𝑑𝑢𝑚𝑝𝑏𝑎𝑡𝑡 (lbs/wing) – 455 70
	The addition of the electric components and their efficiencies results in the retrofit aircraft for both technology levels being heavier and draggier. This result shows that a pure retrofit of an existing airframe for hybrid electric engines is not beneficial from an energy standpoint. However, the retrofit hybrid electric aircraft from these results can be used to demonstrate the potential benefits of using windmilling hybrid electric engines for noise abatement on approach. 

	6.2 Windmilling Engine Noise versus Drag of Retrofit Hybrid Electric Aircraft 
	6.2 Windmilling Engine Noise versus Drag of Retrofit Hybrid Electric Aircraft 
	The fans of both the distributed propulsion, 5 engine per wing retrofit hybrid electric aircraft and the 1 supercooled engine per wing retrofit hybrid electric aircraft were modeled in XROTOR to determine the maximum windmilling drag possible for each configuration. The fan rotor and stator chord/radius and blade angle/radius distribution from Table 5.1 and the duct and hub geometry from Figure 5-19 were used and re-scaled for the fan diameters of both retrofit hybrid electric aircraft architectures. Maximu
	stalling and is shown versus aircraft velocity in Table 6.3 for both architectures. 
	Table 6.3: RPM at Maximum Windmilling Drag (Assumed to Occur at Minimum RPM before Blade Tip Stall) versus Aircraft Velocity 
	Aircraft Velocity (knots) 
	150 200 250 
	Fan RPM at Maximum Windmilling Drag 1 Supercooled Engine per Wing 5 DP Engines per Wing 
	250 600 320 760 400 950 
	The resulting maximum total windmilling drag achieved with both engine configurations is shown in Figure 6-1. The drag from the landing gear of the Boeing 737-800 and the idle thrust of two CFM56-7B engines, both from BADA 4, are shown for comparison. 
	Figure
	Figure 6-1: Maximum Windmilling Drag versus Velocity of Retrofit Distributed Engine and Supercooled Motors Compared to Conventional Aircraft Gear Drag and Idle Thrust 
	Figure 6-1: Maximum Windmilling Drag versus Velocity of Retrofit Distributed Engine and Supercooled Motors Compared to Conventional Aircraft Gear Drag and Idle Thrust 


	Figure 6-1 shows that the maximum windmilling drag of both retrofit aircraft increases with velocity. The maximum windmilling drag of the retrofit aircraft with one supercooled motor per wing is comparable to the total gear drag of the Boeing 737-800, particularly at 
	Figure 6-1 shows that the maximum windmilling drag of both retrofit aircraft increases with velocity. The maximum windmilling drag of the retrofit aircraft with one supercooled motor per wing is comparable to the total gear drag of the Boeing 737-800, particularly at 
	slow velocities. The maximum windmilling drag of the retrofit aircraft with one supercooled motor per wing is also about twice that of the distributed propulsion aircraft with 5 self-cooled fans per wing. This is due to the smaller diameter, distributed propulsion fans having less blade surface and therefore produce smaller lift and drag components than larger diameter fans despite the maximum windmilling RPM being higher for the smaller fans. 

	The resulting noise of fan of both the 5 distributed fans per wing retrofit hybrid electric aircraft and retrofit hybrid electric aircraft with supercooled motors was modeled in BFANS to determine the fan noise at maximum windmilling drag versus velocity. The resulting broadband noise at a 120m observer are shown in Figure 6-2. The idle thrust fan noise versus velocity predicted in ANOPP of the conventional CFM56-7B engine is also plotted for comparison. 
	Figure
	Figure 6-2: Broadband Overflight Noise Outputs for Fans of Retrofit Hybrid Electric Aircraft at Altitude 120m 
	Figure 6-2: Broadband Overflight Noise Outputs for Fans of Retrofit Hybrid Electric Aircraft at Altitude 120m 


	The resulting noise prediction of the retrofit fans at low velocities is quieter than the ANOPP prediction for the idle thrust fan noise of the CFM56-7B and higher at velocities above a flight speed of approximately 220 knots. Thus the fan noise of the retrofit hybrid electric engine is expected to contribute no more to the overall noise of the aircraft than fans of the baseline turbofan aircraft at idle thrust conditions below a flight speed of 220 
	The resulting noise prediction of the retrofit fans at low velocities is quieter than the ANOPP prediction for the idle thrust fan noise of the CFM56-7B and higher at velocities above a flight speed of approximately 220 knots. Thus the fan noise of the retrofit hybrid electric engine is expected to contribute no more to the overall noise of the aircraft than fans of the baseline turbofan aircraft at idle thrust conditions below a flight speed of 220 
	knots. If windmilling drag is used above 220 knots, the windmilling drag noise will have to be compared to the noise of other aircraft components to determine if it will contribute significantly to the overall aircraft noise. 

	The baseline aircraft used in the following case studies is the Boeing 737-800 with CFM56-7B engines, while the 2035 time frame retrofit hybrid electric aircraft with 5 distributed fans per wing employing windmilling drag is the alternative aircraft. The technology level of this aircraft was both more conservative compared to the estimated performance of the supercooled electronics of the 2050 timeframe aircraft as well as was shown to have more conservative maximum windmilling drag estimates as shown in Fi
	It is assumed for the following case studies of retrofit-hybrid electric aircraft employing windmilling drag on approach that the final approach weight of both the baseline aircraft and the retrofit-hybrid electric aircraft employing windmilling drag on approach are equal. This is in order to provide a direct comparison of the windmilling effect versus no windmilling on noise without the additional impacts of weight on noise. An otherwise fully-loaded retrofit aircraft would be heavier than the baseline air

	6.3 Case Study 1: Performance and Noise Analysis of Steeper Approaches with Windmilling Drag 
	6.3 Case Study 1: Performance and Noise Analysis of Steeper Approaches with Windmilling Drag 
	Use of the framework described in Chapter 5 is demonstrated on an example steeper descent approach procedure compared to a baseline continuous descent, 3approach with a standard deceleration profile that follows the mean deceleration profile of Boeing 737-800s from BOS radar data in Figure 4-23. The motivation for analysis of this procedure is to examine the use of a hybrid electric aircraft employing windmilling drag in enabling steeper descents and 
	Use of the framework described in Chapter 5 is demonstrated on an example steeper descent approach procedure compared to a baseline continuous descent, 3approach with a standard deceleration profile that follows the mean deceleration profile of Boeing 737-800s from BOS radar data in Figure 4-23. The motivation for analysis of this procedure is to examine the use of a hybrid electric aircraft employing windmilling drag in enabling steeper descents and 
	∘ 


	Figure
	Figure 6-4: Modeled Altitude, Velocity, Configuration, and Thrust of the Baseline and Steeper Descent Profile with windmilling drag 
	Figure 6-4: Modeled Altitude, Velocity, Configuration, and Thrust of the Baseline and Steeper Descent Profile with windmilling drag 


	As can be seen the percent maximum thrust profile in Figure 6-4, engine thrust is negative where the windmilling drag is employed. A 4.6steeper descent angle was obtained with the hybrid electric aircraft procedure when employing maximum windmilling drag (which increased with aircraft velocity) and adjustments to the velocity and configuration profiles between the Flaps 5 velocity and the stabilization point of 1,700 ft. 
	∘ 

	6.3.2 Single Event Flyover Noise Modeling of the Baseline and 
	6.3.2 Single Event Flyover Noise Modeling of the Baseline and 
	Steeper Approaches with Windmilling Drag 
	The baseline approach procedure was modeled along with the steeper descent approach procedure performed by the retrofit hybrid electric aircraft, both assuming a straight-in approach. Given these approach profiles and the performance and geometry data for the Boeing 737-800 from TASOPT, the single event flyover noise for both cases was obtained using the noise modeling method from Figure 5-7. 
	𝐴,𝑀𝐴𝑋 directly under the flight 
	𝐴,𝑀𝐴𝑋 directly under the flight 
	Figure 6-5 shows the breakdown of the magnitude of L

	track of each profile for each noise component. In Figure 6-5 (b), the predicted noise of the windmilling fans during the windmilling portion of the approach between 17 and 3 nmi to touchdown is shown in the dotted gold line, while for reference, the noise of two Boeing 737-800 conventional CFM56-7B engines at idle thrust is shown in the solid gold line. Both components are significantly less than the total noise and therefore as a source component do not significantly impact the total aircraft noise. The w

	(a) 
	𝐴,𝑀𝐴𝑋 Component Breakdown for (a) Baseline Approach and (b) Steeper Descent Windmilling Approach 
	𝐴,𝑀𝐴𝑋 Component Breakdown for (a) Baseline Approach and (b) Steeper Descent Windmilling Approach 
	Figure 6-5: L



	(b) 
	To illustrate the noise reduction of the steeper 4.6descent enabled with windmilling 𝐴,𝑀 𝐴𝑋 under the flight track when flying the windmilling steeper descent procedure instead of the baseline 3descent procedure is shown in Figure 6-6. 
	∘ 
	drag, the reduction in total L
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	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Retrofit Hybrid Electric Aircraft Performing a 4.6Descent with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline 3Descent 
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Retrofit Hybrid Electric Aircraft Performing a 4.6Descent with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline 3Descent 
	Figure 6-6: Reduction in L
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	There is an approximately 4-6 dB reduction in noise for the retrofit hybrid electric aircraft performing the steeper 4.6descent by employing windmilling drag compared to the conventional Boeing 737-800 performing the baseline 3approach. The spikes in the data reflect differences in locations where flaps and slats were deployed. 
	∘ 
	∘ 

	𝐴,𝑀𝐴𝑋 noise contours of both the baseline 3descent and steeper 4.6
	Finally, the L
	∘ 
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	𝐴,𝑀𝐴𝑋 noise contours 
	descent are shown in Figure 6-7. In addition, the reduction in the L

	when flying the steeper 4.6descent compared to the baseline 3descent and are shown on approach into Runway 4R at Boston Logan Airport (BOS) in Figure 6-8. Significant reductions in the noise along the entire approach procedure are apparent. 
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	Figure
	𝐴,𝑀𝐴𝑋 (dB) Contours for the Retrofit Hybrid Electric Aircraft Performing a 4.6Descent with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline 3Descent 
	𝐴,𝑀𝐴𝑋 (dB) Contours for the Retrofit Hybrid Electric Aircraft Performing a 4.6Descent with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline 3Descent 
	Figure 6-7: L
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	(a) Baseline 3Descent (b) 4.6Descent with Windmilling Drag 
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	Figure
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Retrofit Hybrid Electric Aircraft Performing a 4.6Descent with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline 3Descent 
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Retrofit Hybrid Electric Aircraft Performing a 4.6Descent with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline 3Descent 
	Figure 6-8: Reduction in L
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	𝐴,𝑀𝐴𝑋 noise contours is also shown 
	The population exposure to the 60, 65, and 70 dB L

	in Table 6.4, also indicating significant noise reductions for the steeper 4.6descent compared 
	in Table 6.4, also indicating significant noise reductions for the steeper 4.6descent compared 
	∘ 

	to the baseline 3descent. 
	∘ 


	Table 6.4: Population Exposure of Baseline Approach Procedure versus Windmilling Steeper Descent Approach 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Baseline 
	Baseline 
	35,749 
	12,284 
	3,040 

	Population Exposure 
	Population Exposure 
	Steeper Descent 
	21,160 
	7,863 
	798 

	TR
	Decrease 
	14,589 
	4,421 
	2,242 


	The windmilling drag steeper descent procedure yields reductions in total population exposure at all levels. 
	Comparison of Retrofit Hybrid Electric Aircraft Steeper Descent with Windmilling to Conventional Boeing 737-800 Steeper Descent without Windmilling 
	Comparison of Retrofit Hybrid Electric Aircraft Steeper Descent with Windmilling to Conventional Boeing 737-800 Steeper Descent without Windmilling 
	When employing windmilling drag, the retrofit hybrid electric aircraft was found able to perform a 4.6steeper descent while maintaining similar distances to decelerate at different configuration settings. For the conventional Boeing 737-800 operating at idle thrust until gear release at 2,000 ft, the steepest descent angle without windmilling while maintaining similar distances to decelerate at different configuration settings was found to be 3.4. These flight profiles are shown in Figure 6-17, with the bas
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	Figure
	Figure 6-9: Modeled Altitude, Velocity, Configuration, and Thrust Baseline, Steeper Descent Profile without Windmilling Drag, and Steeper Descent Profile with Windmilling Drag 
	Figure 6-9: Modeled Altitude, Velocity, Configuration, and Thrust Baseline, Steeper Descent Profile without Windmilling Drag, and Steeper Descent Profile with Windmilling Drag 


	𝐴,𝑀𝐴𝑋 noise undertrack of these procedures is shown in Figure 6-10. A conventional Boeing 737-800 performing an idle thrust 3.4steeper descent 𝐴,𝑀𝐴𝑋 throughout the procedure compared to the baseline 3descent. The retrofit hybrid electric aircraft performing the 4.6steeper 𝐴,𝑀𝐴𝑋 throughout the procedure compared to the baseline 3descent. 
	A comparison of the total L
	∘ 
	yields an approximately 1 dB reduction in L
	∘ 
	∘ 
	descent enabled by windmilling drag yields an approximately 4-6 dB reduction in L
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	Figure
	𝐴,𝑀 𝐴𝑋 (dB) Under the Flight Track for a Retrofit Hybrid Electric Aircraft Performing a 4.6Descent with Windmilling Drag and 3.4Descent without Windmilling Drag, and a Conventional Boeing 737-800 Performing a Baseline 3Descent 
	𝐴,𝑀 𝐴𝑋 (dB) Under the Flight Track for a Retrofit Hybrid Electric Aircraft Performing a 4.6Descent with Windmilling Drag and 3.4Descent without Windmilling Drag, and a Conventional Boeing 737-800 Performing a Baseline 3Descent 
	Figure 6-10: L
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	The results in Figure 6-10 show that the retrofit hybrid electric aircraft performing steeper descents by employing windmilling drag offers significant benefits compared to not only baseline continuous 3descents, but also the steeper 3.4descent, which is the limit of the conventional Boeing 737-800 drag performance capability without utilizing drag by configuring early. 
	∘ 
	∘ 




	6.4 Case Study 2: Performance and Noise Analysis of Delayed Deceleration Approaches with Windmilling Drag 
	6.4 Case Study 2: Performance and Noise Analysis of Delayed Deceleration Approaches with Windmilling Drag 
	Use of the framework described in Chapter 5 is demonstrated on an example delayed deceleration approach procedure compared to a baseline 3continuous descent approach with a standard deceleration profile that follows the mean deceleration profile of Boeing 737-800s from BOS radar data in Figure 4-23. The motivation for the analysis of this procedure is to examine the use of a hybrid electric aircraft employing windmilling drag in increasing the maximum deceleration rate at various high lift device configurat
	∘ 

	6.4.1 Delayed Deceleration Approach Profile with Windmilling Drag 
	6.4.1 Delayed Deceleration Approach Profile with Windmilling Drag 
	The delayed deceleration procedure with windmilling drag compared to the baseline profile is diagrammed in Figure 6-11. In the modified procedure, windmilling drag was used to enable a delayed deceleration and thus a delay flap and slat deployment to a distance that is to touchdown. Windmilling is assumed to occur from 250 knots to touchdown to the stabilization point at 1,700 ft. The landing configuration flaps and gear were assumed deployed at the same altitude for each respective device as in the baselin
	As can be seen the percent maximum thrust profile in Figure 6-4, engine thrust is 
	negative where the windmilling drag is employed. In addition, the higher deceleration rate obtained in the hybrid electric aircraft procedure with windmilling drag enables the high lift device deployment to occur closer to touchdown. This is not typically achievable during a standard 3continuous descent procedure because high lift devices are needed for the aircraft to have enough drag to slow down to the final approach velocity before the stabilization point. 
	∘ 


	6.4.2 Single Event Flyover Noise Modeling of Baseline and Delayed Deceleration Approaches with Windmilling Drag 
	6.4.2 Single Event Flyover Noise Modeling of Baseline and Delayed Deceleration Approaches with Windmilling Drag 
	The baseline approach procedure with the standard deceleration was modeled along with the delayed deceleration procedure with the retrofit hybrid electric aircraft, with both aircraft flying a straight-in approach. Given these approach profiles and the performance and geometry data for the Boeing 737-800 from TASOPT, the single event flyover noise for both cases obtained using the noise modeling method from Figure 5-7. 
	𝐴,𝑀𝐴𝑋 directly under the flight track of each profile for each noise component. In Figure 6-13 (b) the predicted noise of the windmilling fans during the windmilling portion of the approach between 15 and 5 nmi to touchdown is shown in the dotted gold line, while for reference, the noise of two Boeing 737-800 conventional CFM56-7B engines at idle thrust is shown in the solid gold line. Both components are significantly less than the total noise and therefore as a source component do not significantly im
	Figure 6-13 shows the breakdown of the magnitude of L

	(a) 
	𝐴,𝑀𝐴𝑋 Component Breakdown for (a) Baseline, Standard Deceleration Approach and (b) Delayed Deceleration Windmilling Approach 
	𝐴,𝑀𝐴𝑋 Component Breakdown for (a) Baseline, Standard Deceleration Approach and (b) Delayed Deceleration Windmilling Approach 
	Figure 6-13: L



	(b) 
	To illustrate the contribution to noise reduction under the flight track of the delayed 𝐴,𝑀𝐴𝑋 under the flight track for the aircraft flying the windmilling delayed deceleration procedure instead of the baseline standard deceleration procedure is shown in Figure 6-14. 
	deceleration descent enabled with windmilling drag, the reduction in total L

	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Retrofit Hybrid Electric Aircraft Performing a delayed deceleration approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Retrofit Hybrid Electric Aircraft Performing a delayed deceleration approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	Figure 6-14: Reduction in L



	There is a reduction in noise of approximately 5-6 dB between 26 and 17 nmi to touchdown for the retrofit hybrid electric aircraft performing the delayed deceleration approach with windmilling drag compared to the conventional Boeing 737-800 performing the baseline standard deceleration approach due to the delay in deployment of flaps 1. Additional reductions of approximately 7-9 dB also occur between about 17 to 10 nmi to touchdown due to the delay in deployment of flaps 5 through 15. The two procedures ha
	𝐴,𝑀𝐴𝑋 noise contours of both the baseline standard deceleration profile and 
	Finally, the L

	delayed deceleration profile with windmilling drag is shown in Figure 6-15. In addition, the 
	𝐴,𝑀𝐴𝑋 noise contours when flying the delayed deceleration approach with 
	reduction in the L

	windmilling drag compared to the baseline standard deceleration approach and are shown on approach into Runway 4R at Boston Logan Airport (BOS) in Figure 6-16. Significant reductions in the noise along the entire approach procedure are apparent beyond about 10 nmi from touchdown. 
	Figure
	𝐴,𝑀𝐴𝑋 (dB) Contours for the Retrofit Hybrid Electric Aircraft Performing a Delayed Deceleration Approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	𝐴,𝑀𝐴𝑋 (dB) Contours for the Retrofit Hybrid Electric Aircraft Performing a Delayed Deceleration Approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	Figure 6-15: L



	(a) Baseline Standard Deceleration (b) Delayd Deceleration Approach with Approach Windmilling Drag 
	Figure
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Retrofit Hybrid Electric Aircraft Performing a Delayed Deceleration Approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Retrofit Hybrid Electric Aircraft Performing a Delayed Deceleration Approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	Figure 6-16: Reduction in L



	𝐴,𝑀𝐴𝑋 noise levels for the 
	Population exposure at each of the 60 dB, 65 dB, and 70 dB L

	delayed deceleration approach profile compared to the baseline approach are shown in Table 
	delayed deceleration approach profile compared to the baseline approach are shown in Table 
	6.5. 

	Table 6.5: Contour Area of Baseline Approach Procedure versus Windmilling Delayed Deceleration Approach 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Baseline 
	Baseline 
	35,749 
	12,284 
	3,040 

	Population Exposure 
	Population Exposure 
	Delayed Deceleration 
	27,919 
	12,107 
	3,040 

	TR
	Decrease 
	7,830 
	117 
	0 


	Reduction in population exposure is most significant at the 60 and 65 dB noise levels. 
	Comparison of Retrofit Hybrid Electric Aircraft Delayed Deceleration Approach to Conventional Boeing 737-800 Delayed Deceleration Approach without Windmilling 
	Comparison of Retrofit Hybrid Electric Aircraft Delayed Deceleration Approach to Conventional Boeing 737-800 Delayed Deceleration Approach without Windmilling 
	When using windmilling drag on a 3continuous descent, the retrofit hybrid electric aircraft was found able to delay decelerating from 250 knots until about 14 nmi to touchdown and delay deploying flaps until about 11 nmi to touchdown while still being able to slow to the final approach velocity at 1,700 ft. For the conventional Boeing 737-800 operating at idle thrust until gear release at 2,000 ft, the aircraft can only delay deploying flaps until about 19 nmi to touchdown in order to still be able to slow 
	∘ 

	Figure
	Figure 6-17: Modeled Altitude, Velocity, Configuration, and Thrust Baseline Standard Deceleration Profile, Delayed Deceleration Approach Profile without Windmilling Drag, and Delayed Deceleration Approach Profile with Windmilling Drag 
	Figure 6-17: Modeled Altitude, Velocity, Configuration, and Thrust Baseline Standard Deceleration Profile, Delayed Deceleration Approach Profile without Windmilling Drag, and Delayed Deceleration Approach Profile with Windmilling Drag 


	𝐴,𝑀𝐴𝑋 noise of these procedures is shown in Figure 6-18. A conventional Boeing 737-800 performing an idle thrust delayed deceleration 𝐴,𝑀𝐴𝑋 compared to the baseline approach between 27 and 19 nmi. However, the retrofit hybrid electric aircraft performing the delayed deceleration approach with windmilling drag yields an approximately 6-8 dB reduction in 𝐴,𝑀𝐴𝑋 until even closer to touchdown (between 27 and 11 nmi). 
	A comparison of the total undertrack L
	approach has approximately 6-8 dB reduction in L
	L

	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Retrofit Hybrid Electric Aircraft Performing a Delayed Deceleration Approach with Windmilling Drag and Delayed Deceleration Approach without Windmilling Drag, and a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
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	Figure 6-18: L



	The results in Figure 6-18 show that the retrofit hybrid electric aircraft performing delayed deceleration approaches with windmilling drag offers significant benefits compared to not only baseline continuous 3descents with standard deceleration profiles, but also idle thrust, delayed deceleration, 3continuous descents. Windmilling improves the drag performance of the retrofit hybrid electric aircraft and thus enables it to delay deploying flaps until 11 nmi, compared to 19 nmi which is the limit of the con
	∘ 
	∘ 




	6.5 Case Study 3: Performance and Noise Analysis of Combined Delayed Deceleration Steeper Approaches with Windmilling Drag 
	6.5 Case Study 3: Performance and Noise Analysis of Combined Delayed Deceleration Steeper Approaches with Windmilling Drag 
	Use of the framework described in chapter 3 is demonstrated on an example combined delayed deceleration steeper approach procedure compared to a baseline, 3continuous descent approach with a standard deceleration profile that follows the mean deceleration profile of Boeing 737-800s from BOS radar data in Figure 4-23. The motivation for the analysis of this procedure is to examine the use of a hybrid electric aircraft employing windmilling drag in both increasing the maximum deceleration of the aircraft at t
	∘ 

	6.5.1 Combined Delayed Deceleration Steeper Approach Profile with Windmilling Drag 
	6.5.1 Combined Delayed Deceleration Steeper Approach Profile with Windmilling Drag 
	The combined delayed deceleration, steeper approach procedure with windmilling drag compared to the baseline profile are diagrammed in Figure 6-19. In the modified procedure, windmilling drag was used to enable a delayed deceleration and thus delay flap and slat deployment of the Flaps 1 and 5 configurations to a closer distance to touchdown. It also enables the aircraft to perform a steeper descent at a standard deceleration rate for the rest of the approach. Windmilling is assumed to occur from 250 knots 
	Figure
	Figure 6-20: Modeled Altitude, Velocity, Configuration, and Thrust Baseline and Combined Delayed Deceleration, Steeper Profile with Windmilling Drag 
	Figure 6-20: Modeled Altitude, Velocity, Configuration, and Thrust Baseline and Combined Delayed Deceleration, Steeper Profile with Windmilling Drag 


	As can be seen the percent maximum thrust profile in Figure 6-20, engine thrust is negative where the windmilling drag is employed. 

	6.5.2 Single Event Flyover Noise Modeling of Baseline and 
	6.5.2 Single Event Flyover Noise Modeling of Baseline and 
	Combined Delayed Deceleration Steeper Approaches with 

	Windmilling Drag 
	Windmilling Drag 
	The baseline approach procedure with the standard deceleration was modeled along with the combined delayed deceleration steeper procedure with the retrofit hybrid electric aircraft on a straight approach. Given these approach profiles and the performance and geometry data for the Boeing 737-800 from TASOPT, the single event flyover noise for both cases obtained using the noise modeling method from Figure 5-7. 
	𝐴,𝑀 𝐴𝑋 noise directly under the flight track for each noise component. In Figure 6-21 (b) the predicted noise of the windmilling fans during the windmilling portion of the approach between 17 and 3.8 nmi to touchdown is shown in the dotted gold line, while for reference, the noise of two Boeing 737-800 conventional CFM56-7B engines at idle thrust is shown in the solid gold line. Both components are significantly less than the total noise and therefore as a source component do not significantly impact th
	Figure 6-21 shows the breakdown of component L

	(a) 
	𝐴,𝑀𝐴𝑋 Component Breakdown for (a) Baseline, Standard Deceleration Approach and (b) Combined Delayed Deceleration and Steeper Windmilling Approach 
	𝐴,𝑀𝐴𝑋 Component Breakdown for (a) Baseline, Standard Deceleration Approach and (b) Combined Delayed Deceleration and Steeper Windmilling Approach 
	Figure 6-21: L



	(b) 
	To illustrate the contribution to noise reduction under the flight track for the combined 
	To illustrate the contribution to noise reduction under the flight track for the combined 
	delayed deceleration steeper descent enabled with windmilling drag, the reduction in total 𝐴,𝑀𝐴𝑋 under the flight track when flying the combined windmilling steeper delayed deceleration procedure instead of the baseline procedure is shown in Figure 6-22. 
	L


	Figure
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Retrofit Hybrid Electric Aircraft Performing a Combined Delayed deceleration Steeper approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	𝐴,𝑀𝐴𝑋 (dB) Under the Flight Track for a Retrofit Hybrid Electric Aircraft Performing a Combined Delayed deceleration Steeper approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	Figure 6-22: Reduction in L



	There is an approximately 8-10 dB reduction in noise between 26 and 17 nmi to touchdown for the retrofit hybrid electric aircraft performing the combined delayed deceleration steeper approach with windmilling drag compared to the conventional Boeing 737-800 performing the baseline standard deceleration approach due to both the delay in deployment of flaps 1 and the additional altitude gain from the steeper descent. Additional reductions of approximately 11 dB also occur between about 17 to 12 nmi to touchdo
	𝐴,𝑀𝐴𝑋 noise contours of both the baseline standard deceleration profile and combined delayed deceleration steeper approach profile with windmilling drag is shown 𝐴,𝑀𝐴𝑋 noise contours when flying the combined delayed deceleration steeper approach with windmilling drag compared to the baseline standard deceleration approach and are shown for this procedure on approach into Runway 4R at Boston Logan Airport (BOS) in Figure 6-24. Significant reductions in the 
	Finally, the L
	in Figure 6-23. In addition, the reduction in the L

	noise along the entire approach procedure are apparent. 
	Figure
	(a) Baseline Standard Deceleration Approach 
	(a) Baseline Standard Deceleration Approach 


	Figure
	(b) Delayed Deceleration Steeper Approach with Windmilling Drag 
	(b) Delayed Deceleration Steeper Approach with Windmilling Drag 


	𝐴,𝑀𝐴𝑋 (dB) Contours for the Retrofit Hybrid Electric Aircraft Performing a Delayed Deceleration Approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	Figure 6-23: L

	Figure
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Retrofit Hybrid Electric Aircraft Performing a Combined Delayed Deceleration Steeper Approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	𝐴,𝑀𝐴𝑋 60 (dB) Contour for the Retrofit Hybrid Electric Aircraft Performing a Combined Delayed Deceleration Steeper Approach with Windmilling Drag Compared to a Conventional Boeing 737-800 Performing a Baseline Standard Deceleration Approach 
	Figure 6-24: Reduction in L



	𝐴,𝑀𝐴𝑋 noise contours is shown in Table 6.6, also indicating significant noise reductions for the combined delayed deceleration steeper approach with windmilling drag descent compared to the baseline 3descent. 
	The population exposure to the 60, 65, and 70 dB L
	∘ 

	Table 6.6: Population Exposure of Baseline Approach Procedure versus Combined Delayed Deceleration Steeper Approach with Windmilling Drag 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	L𝐴,𝑀𝐴𝑋 Level (dB) 
	60 
	65 
	70 

	Baseline 
	Baseline 
	35,749 
	12,284 
	3,040 

	Population Exposure 
	Population Exposure 
	DDA Steeper Descent 
	21,426 
	7,883 
	800 

	TR
	Decrease 
	14,323 
	4,401 
	2,240 


	The combined delayed deceleration steeper approach with windmilling drag yields reductions in total population exposure at all levels. The population exposure reduction is similar to the windmilling steeper, 4.6descent procedure with a standard deceleration. 
	∘ 



	6.6 Chapter 6 Conclusion 
	6.6 Chapter 6 Conclusion 
	The case studies of this chapter also show that a retrofit hybrid electric aircraft employing windmilling drag can perform approach procedures that yield significant noise benefits compared to the flight performance capabilities of conventional aircraft. The predicted noise of windmilling fans was shown to be significantly lower than the other noise components of a typical airframe (such as high lift devices) and therefore the noise impact of windmilling drag was shown to be only due to how it impacted the 
	Windmilling fans were shown to offer significant noise reductions both in steeper descent approaches and delayed deceleration approaches in the conceptual studies of this chapter. While the examples presented showed the performance capability one aircraft, the windmilling fan may offer the performance of larger deceleration rates and steeper descent angles depending on the aircraft design and trades between other components of the flight profile, such as configuration setting. For example, an early decelera
	Windmilling fans were shown to offer significant noise reductions both in steeper descent approaches and delayed deceleration approaches in the conceptual studies of this chapter. While the examples presented showed the performance capability one aircraft, the windmilling fan may offer the performance of larger deceleration rates and steeper descent angles depending on the aircraft design and trades between other components of the flight profile, such as configuration setting. For example, an early decelera
	details of how windmilling engines will be integrated into airframes and potential options for optimization of fan design for better drag and noise performance require further study. 

	One consideration for the design of these procedures is that the maximum descent angle that can be achieved will also be limited by the aircraft’s ability to conduct a safe go-around procedure from a given decision height. Hileman et al [6] presents a relationship between the maximum flight path angle for a safe go-around and decision height, final approach velocity, time delay due to the pilot and engine spool-up response, and load limit due to the aggressiveness of the pull-up. Hileman et al shows that fo
	∘
	∘ 
	∘ 

	In addition, it was assumed the final approach weight of both the baseline aircraft and the retrofit-hybrid electric aircraft employing windmilling drag on approach were equal. This was in order to provide a direct comparison of the windmilling effect versus no windmilling on noise without the additional impacts of weight on noise. This assumption implies that the extra weight due to the hybrid electric aircraft retrofit is accounted for with a reduction in fuel or payload capacity. An otherwise fully-loade
	Chapter 7 


	Conclusion 
	Conclusion 
	7.1 Thesis Framework and Analysis Results Summary 
	7.1 Thesis Framework and Analysis Results Summary 
	A framework for analyzing aircraft community noise impacts of advanced operational approach and departure procedures of conventional aircraft was developed, which includes detailed engine and airframe source noise ANOPP models. This enables the framework to model the noise impacts of not only thrust modifications as in Noise-Power-Distance based models, but also the impacts of aircraft speed and configuration changes. Because these models require detailed thrust and velocity profiles as well internal engine
	The performance and noise of conventional aircraft performing several noise abatement approach and departure procedure concepts were assessed with this framework. The example applications showed how flight path angle, speed, and configuration changes impact performance and noise and how these factors may be designed in advanced operational procedures for noise reduction. The case studies of conventional aircraft show that for modern aircraft, changes in aircraft speed have minimal impact on the overall depa
	The performance and noise of conventional aircraft performing several noise abatement approach and departure procedure concepts were assessed with this framework. The example applications showed how flight path angle, speed, and configuration changes impact performance and noise and how these factors may be designed in advanced operational procedures for noise reduction. The case studies of conventional aircraft show that for modern aircraft, changes in aircraft speed have minimal impact on the overall depa
	do not significantly impact engine noise, which is the dominate source in departure, nor significantly impact climb performance. Changes in climb altitude via a thrust increase have a more significant impact on departure noise. An increase in the climb angle in departure via a thrust increase results in higher altitudes but also higher engine noise, and therefore a redistribution of the noise where some regions are benefited and some regions are dis-benefited. Thus the population distribution for where the 

	During approach, flying continuous descents as opposed to level segments was shown to result in decreases in both thrust, and subsequent engine noise, as well as yield higher altitudes for more distance to touchdown in the descent, which also decreases overall aircraft noise. In addition, unlike in departure, the case studies of conventional aircraft showed that for modern aircraft on arrival, changes in approach airspeed can have a significant impact on the overall aircraft noise. Engine thrust on approach
	A summary of the noise impacts of each of the conventional aircraft procedures assessed is shown in Table 7.1. 
	Table 7.1: Summary of Advanced Procedure Noise Impact for Conventional Aircraft 
	Table 7.1: Summary of Advanced Procedure Noise Impact for Conventional Aircraft 
	Table 7.1: Summary of Advanced Procedure Noise Impact for Conventional Aircraft 

	Procedure 
	Procedure 
	Noise Impact 

	Delayed Deceleration Approach 
	Delayed Deceleration Approach 
	Delayed deceleration approach procedures are flyable (as shown in the B777 Flight Demonstration) and yield 6-10 dB undertrack noise reduction compared to baseline procedures 

	Continuous Descent Approach 
	Continuous Descent Approach 
	Continuous descent approaches yield 2 dB noise reductions in noise under the flight track compared to approaches with level segments before the region of glideslope intercept 

	Steeper Approach 
	Steeper Approach 
	3.77∘ steeper approaches yield 4-5 dB reductions in noise under the flight track compared to 3∘ ILS approaches 

	High Thrust Climb 
	High Thrust Climb 
	High initial thrust on departure results in noise increase close to takeoff due to increased engine noise and a noise reduction further out 

	Reduced Speed Departure 
	Reduced Speed Departure 
	While reducing climb speed reduces clean airframe noise, engine noise is dominate on departure and thus reducing departure climb speed does not significantly impact overall aircraft departure noise 

	Noise Abatement Departure Procedure 1 and 2 (NADP 1 and 2) 
	Noise Abatement Departure Procedure 1 and 2 (NADP 1 and 2) 
	Changes in the acceleration location on departure results in small differences in community noise compared to current procedures. Standard departures in US are consistent with NADP 2 and is close to the minimal noise impact 


	The framework was extended to also include the functionality to analyze the flight performance of retrofit hybrid electric aircraft and the drag and noise impacts of windmilling engines. This included using XROTOR to assess the drag performance of windmilling fans at different RPMs and BFANS as the broadband noise model for windmilling fans. Boeing 737-800s retrofitted for hybrid electric engines were conceptually sized with 2035 timeframe and 2050 timeframe electrified engine technologies to obtain fan siz
	The framework was extended to also include the functionality to analyze the flight performance of retrofit hybrid electric aircraft and the drag and noise impacts of windmilling engines. This included using XROTOR to assess the drag performance of windmilling fans at different RPMs and BFANS as the broadband noise model for windmilling fans. Boeing 737-800s retrofitted for hybrid electric engines were conceptually sized with 2035 timeframe and 2050 timeframe electrified engine technologies to obtain fan siz
	aircraft flight performance. 

	The noise of hybrid electric aircraft performing noise abatement approach procedure concepts that take advantage of windmilling drag were compared to the noise of conventional gas-turbine engine aircraft. The retrofit aircraft sized with the 2035 timeframe technology level assumption, which required distributed propulsion and 5 fans per wing, was found to produce less windmilling drag than the 2050 timeframe technology level assumption with 1 large fan per wing and therefore the hybrid electric aircraft app
	A summary of the noise impacts of each of the hybrid electric aircraft procedures assessed is shown in Table 7.2. 
	Table 7.2: Summary of Advanced Procedure Noise Impact for Hybrid Electric Aircraft Using Windmilling Drag 
	Procedure 
	Procedure 
	Procedure 
	Noise Impact 

	Steeper Approach with Windmilling Drag Delayed Deceleration Approach with Windmilling Drag 
	Steeper Approach with Windmilling Drag Delayed Deceleration Approach with Windmilling Drag 
	Steeper approach with windmilling drag yields 4-6 dB noise reductions under the flight track throughout the entire procedure compared to 3∘ continuous descent approaches performed by conventional aircraft Delayed deceleration approaches with windmilling drag yields 4-8 dB noise reductions under the flight track compared to 3∘ continuous descent approaches 10 nmi from touchdown and beyond 

	Combined Delayed Deceleration Steeper Approach with Windmilling Drag 
	Combined Delayed Deceleration Steeper Approach with Windmilling Drag 
	Combined Delayed Deceleration Approach and Steeper Final Descent with windmilling drag yields 9-11 dB noise reductions under the flight track prior to 10 nmi to touchdown and 4-6 dB noise reductions under the flight track between 10 nmi to touchdown compared to 3∘ continuous descent approaches performed by conventional aircraft 



	7.2 Primary Contributions 
	7.2 Primary Contributions 
	In this thesis, a framework was developed that considers the aircraft, flight procedure, and noise components for analysis of community noise impacts of advanced operational flight procedures for conventional and hybrid electric aircraft utilizing windmilling engines. 
	The framework was used to evaluate noise impact of several advanced flight procedures: 
	∙ 
	∙ 
	∙ 
	Delayed Deceleration Approach 

	∙ 
	∙ 
	Continuous Descent Approach 

	∙ 
	∙ 
	Steeper Approach 

	∙ 
	∙ 
	High Thrust Climb 

	∙ 
	∙ 
	Reduced Speed Departure 

	∙ 
	∙ 
	Noise Abatement Departure Procedure 1 and 2 


	The windmilling drag concept to obtain quiet drag on approach was identified as a benefit attribute for hybrid electric aircraft. In addition, a model was developed for windmilling engine drag and noise. 
	Finally, the framework was used to evaluate several advanced flight procedures for retrofit hybrid electric aircraft using windmilling drag: 
	∙ 
	∙ 
	∙ 
	Steeper Approach with Windmilling Drag 

	∙ 
	∙ 
	Delayed Deceleration Approach with Windmilling Drag 

	∙ 
	∙ 
	Combined Delayed Deceleration Approach and Steeper Final Descent with Windmilling Drag 



	7.3 Discussion and Future Work 
	7.3 Discussion and Future Work 
	The framework to analyze the community noise impacts of advanced operational flight procedures of conventional and hybrid electric aircraft shown in this thesis can be used for the aircraft that are contained in the BADA 4 drag database and retrofit hybrid electric aircraft. A continuing step in future developments of this framework would be to include 
	The framework to analyze the community noise impacts of advanced operational flight procedures of conventional and hybrid electric aircraft shown in this thesis can be used for the aircraft that are contained in the BADA 4 drag database and retrofit hybrid electric aircraft. A continuing step in future developments of this framework would be to include 
	capability for the systems level sizing and analysis of additional hybrid electric or fully electric aircraft. 

	Additionally, there is also a key need for validation of the noise benefits of the flight procedures demonstrated. The models show significant noise reductions for many flight procedures but results need to be compared to noise measurements for validation. In addition to noise validation, operational implications of the procedures identified as having benefit need to be evaluated. For example, delayed deceleration approach procedures, which were showed to have noise benefits for both conventional and hybrid
	Finally, the hybrid electric aircraft examples shown in this thesis were of retrofit hybrid electric aircraft on approach compared to a conventional aircraft landing at the same approach weight in order to show the noise benefits of the windmilling fan concept on its own. Incorporating a full optimization formulation for hybrid electric aircraft in a TASOPT-like framework would indicate how the aircraft as a whole would have to be modified for this concept and thus building such a model is a subject for fut
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