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PREFACE

This document is the Technical Manual for the Federal Aviation Administration (FAA) Office of
Environment and Energy (AEE) Aviation Environmental Design Tool Version 3c (AEDT 3c) computer
software, which is designed to compute noise, fuel consumption, emissions, and air quality
consequences.

The USDOT Volpe National Transportation Systems Center (Volpe Center), the ATAC Corporation,
RoVolus, Senzig Engineering, Metron Aviation, CSSI, Inc., and the FAA AEE have jointly prepared this
document.

This Technical Manual does not contain guidance or policy for regulatory analyses. Guidance documents
as well as additional documentation such as the AEDT User Manual, AEDT Supplemental Manual: ASIF
Reference, and detailed information on select features can be found on the FAA Office of Environment
and Energy (AEE) website (https://www.faa.gov/about/office _org/headquarters offices/apl/research/)

and also available on the AEDT Support website (https://aedt.faa.gov/).

DISCLAIMER

This document was produced by USDOT Volpe National Transportation Systems Center (Volpe Center),
the ATAC Corporation, RoVolus, Senzig Engineering, Metron Aviation, and CSSI, Inc. who are responsible
for the facts and accuracy of the material presented herein. The contents do not necessarily reflect the
official views or policy of the U.S. Department of Transportation or the Federal Aviation Administration.
This AEDT Technical Manual does not constitute a standard, specification, or regulation.

AEDT uses data and methods from the EUROCONTROL Base of Aircraft Data (BADA). BADA is a tool
owned by EUROCONTROL ©2020. All rights reserved.

Users of AEDT must follow the terms and conditions of their BADA license agreement with
EUROCONTROL.

BADA is provided on a strict "AS IS" basis, without any warranty of any kind either express or implied
including but not limited to the implied warranties of merchantability, fitness for a particular purpose,
title and non-infringement.

Neither EUROCONTROL nor any third party (in particular aircraft manufacturers) warrant that BADA will
be error-free or that such errors will be corrected. The BADA licensee is solely responsible for all costs
and expenses associated with rectification, repair, or dame caused by such errors.

Neither EUROCONTROL nor any third party (in particular aircraft manufacturers) shall be liable to the
BADA licensee or to any other party for any loss or damage whatsoever or howsoever arising directly or
indirectly in connection with BADA or its use.


https://www.faa.gov/about/office_org/headquarters_offices/apl/research/
https://aedt.faa.gov/
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1. Introduction

1.1 Overview

The Aviation Environmental Design Tool (AEDT) is a software system that models aircraft performance in
space and time to estimate noise, fuel consumption, emissions, and air quality consequences. AEDT is
designed to process individual studies ranging in scope from a single flight at an airport to scenarios at
the regional, national, and global levels. AEDT leverages geographic information system (GIS) and
relational database technology to achieve this scalability and offer rich opportunities for exploring and
presenting results. AEDT is actively used by the U.S. government for regulatory studies, research, and
domestic aviation system planning, as well as domestic and international aviation environmental policy
analysis.

In contrast to the individual legacy noise and air quality analysis tools such as, Integrated Noise Model
(INM) and Emissions and Dispersion Modeling System (EDMS), AEDT unifies noise, fuel consumption,
and emissions calculation capabilities into a single application. AEDT includes a database of over 3,000
airframe-engine combinations and runway information for over 30,000 airports around the globe. These
system databases allow users of AEDT to quickly build studies and estimate the interdependencies
between noise, fuel consumption, and emissions consequences of aviation activity.

1.2 System Architecture

AEDT is built on the Microsoft .NET Framework and SQL Server and is capable of running on Windows 10
and Windows Server 2016 operating systems. It is supported by extensive system databases covering
airports, airspace, and fleet information that span the global nature of the aviation industry.

All information is rendered in a geospatial nature given the Esri-based core of the tool, which supports
the compatibility with other geospatial applications. State-of-the-art software technology is used to
enhance the capabilities of AEDT, such as the XML-based AEDT Standard Input File (ASIF) that allows for
the input of large datasets of 4D trajectories, fleet information, and event assignments.

AEDT outputs include reports, graphs, and tables that summarize the flight performance, fuel burn,
emissions inventories, noise results, contours, and emissions dispersion results. Figure 1-1 displays a
diagram of the AEDT system structure.
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Figure 1-1 AEDT System Structure

1.3 About this Technical Manual
This manual presents the technical details of the methodologies employed by AEDT with respect to its

primary functionality. The intended target audience is users who would like a deeper understanding of
the technical details of how AEDT models noise, fuel burn, environmental inventories, and emissions
dispersion. For information on how to use the AEDT application, please refer to the AEDT User Manual®.

This Technical Manual is organized into the following Sections:

e Section 1 Introduction.

e Section 2 describes the AEDT databases and input data.

e Section 3 presents the models for aircraft performance.

e Section 4 presents the models related to noise computations and adjustments.

e Section 5 presents the models related to emissions inventory.

e Section 6 presents the models related to emissions dispersion.

e Section 7 presents the models related to ground operations.

e Section 8 provides an overview of annualization.

e Section 9 describes the methodology employed for change analysis and impact evaluation.

e Section 10 describes the environmental justice capability.

e Section 11 presents additional information on:

o Noise metric derivations;

o Noise data development; and

o Aircraft noise and performance data submittal, verification and validation.
e Section 12 discusses the BADA 4 Model.
e Section 13 presents additional information on:
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o Algorithm for constructing AERMOD area source; and

o Emissions factor calculation for stationary sources and training fires.
e Section 14 describes the map projection method.
e Section 15 lists the references in this manual.
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1.4 Terminology

A-weighted

Above Field Elevation (AFE)

Above Ground Level (AGL)

Acoustic Impedance
Adjustment

Acoustically Hard Surface

Acoustically Soft Surface

A-weighted noise levels emphasize sound components in the frequency range where
most speech information resides, yielding higher levels in the mid-frequency (2,000
to 6,000 Hz) range and lower levels in both low frequency and high frequency ranges.
A-weighted noise level is used extensively for measuring and predicting community
and transportation noise. The A-weighted and C-weighted adjustment curves are
presented in Figure 1-2:

10 / /

15

20
/ = A-\Neighting

2 / ——C-Weighting

30 /

-35 T T
10 100 1000 10000

One-Third Octave Bands (Hz)
Figure 1-2 A-weighted and C-weighted Adjustment Curves

Sound Pressure Level Adjustment (dB)

Altitude relative to the airport elevation. The FAA defines the airport elevation as the
highest point of an airport’s usable runways. Therefore AFE equals the altitude
(measured in height above mean sea level [MSL]) minus the airport elevation
(measured in height above MSL).

Altitude relative to the elevation of the ground.

A sound level adjustment, computed as a function of receptor temperature,
pressure, and elevation, which is applied to noise-power-distance (NPD) noise
levels. Specific acoustic impedance is the product of the density of air and the speed
of sound, and is related to the propagation of sound waves in an acoustic medium.
A highly reflective surface where the phase of the incident sound is essentially
preserved upon reflection; example surfaces include water, asphalt, and concrete.
A highly absorptive surface where the phase of the incident sound is changed
substantially upon reflection; example surfaces include ground covered with dense
vegetation or freshly-fallen snow.
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Active Configuration

Advancing Tip Mach Number

Advancing Tip Mach Number
Adjustment
AERMET

AERMINUTE

AERMOD
Air-to-Ground Attenuation

Aircraft Speed Adjustment

Ambient (noise)

Annualization

Approach

ASOS
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In the context of airport configurations, an activation parameter is a parameter
whose value for a given hour must satisfy a set of user-specified lower and/or upper
bound criteria in order to activate the configuration. Ordinarily, a configuration is
activated when all of the activation parameter values for a given hour (the current
conditions) satisfy the respective criteria of the configuration and no other
configuration has higher priority. The activation parameters are: wind speed, wind
direction, hour of the day, ceiling, visibility and temperature.

The active configuration is the airport operating configuration which is in effect for a
given hour of some analysis year.

The relative airspeed (in Mach) of the advancing blade tip of a helicopter's main
rotor, accounting for airspeed, temperature and/or rotor RPM.

See Source Noise Adjustment Due to Advancing Tip Mach Number.

AERMET is a meteorological data preprocessor for AERMOD.

AERMINUTE processes ASOS 1-minute and 5-minute wind data to generate hourly
average winds for input to AERMET in Stage 2.

AERMOD is the U.S. Environmental Protection Agency (USEPA)’s short-range
dispersion modeling tool that AEDT uses to model atmospheric dispersion.

See Refraction-Scattering Effects.

An adjustment made to exposure-based noise levels when aircraft speed differs from
160 knots, the reference speed for NPD data.

The composite, all-inclusive sound associated with a given environment, excluding
the analysis system’s electrical noise and the sound source of interest. Several
definitions of ambient noise have been adopted by different organizations
depending on their application, such as natural ambient (natural sound condition in
an area, excluding all human and mechanical sounds), existing ambient without
aircraft (all-inclusive sound associated with a given environment, excluding the
analysis system’s electrical noise and the sound source of interest: aircraft), etc.
Ambient data implementation in AEDT utilizes different ambient file formats specific
to different noise metrics.

The general term used for the hierarchical collection of reusable operation groups
along with a weighting scheme to represent the aviation traffic to be modeled in a
metric result.

A flight operation that begins in the terminal control area, descends, and lands on an
airport runway, possibly exerts reverse thrust, and decelerates to taxi speed at some
location on the runway.

Automated Surface Observing System (ASOS) is used at most of the National
Weather Service (NWS) stations to collect surface meteorological data. It is optional
to provide 1-minute and 5-minute ASOS weather files to supplement surface wind
speed and direction when generating AERMOD weather files.
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Atmospheric Absorption

Audibility

Average Annual Day

Bank Angle

Boeing Fuel Flow Method 2
(BFFM2)

C-weighted

Calibrated Airspeed (CAS)

Change in Exposure (Delta
Dose or DDOSE)

Circuit Flight

Closest Point of Approach
(CPA)

Contour

Corrected Net Thrust Per
Engine

The change of acoustic energy into another form of energy (heat) when sound passes
through the atmosphere. Several parameters such as temperature, pressure, and
humidity are needed to specify the amount of atmospheric absorption, which is
dependent upon the frequency of the sound as well. NPD data are corrected for
atmospheric absorption in accordance with the Society of Automotive Engineers
(SAE) Aerospace Recommended Practice (ARP) 866A%3 (SAE-ARP-866A), SAE
Aerospace Information Report (AIR) 1845% (SAE-AIR-1845), and SAE ARP 5534%
(SAE-ARP-5534).

The measure of ability for an attentive listener to hear a particular acoustic event
such as aircraft noise. Audibility is based on detectability from signal detection
theory, and depends on both the actual aircraft sound level (“signal”) and the
ambient sound level (or “noise”). The metric associated with audibility in AEDT is
Time Audible.

The user-defined best representation of the typical annual conditions for the case
airport. These conditions include the number and type of operations, runway usage,
routing structure, temperature, atmospheric pressure, etc.

The roll angle about the aircraft’s longitudinal axis. By convention a left turn has a
positive bank angle and a right turn has a negative bank angle. Bank angle is
presented in Figure 4-5.

Boeing Fuel Flow Method 2 is used to compute NOx, HC, and CO in AEDT. See Section
5.1.1.1.

C-weighted noise levels, as compared with A-weighted noise levels, emphasize
sound components between 100 Hz and 2 kHz. C-weighting is intended to simulate
the sensitivity of the human ear to sound at levels above about 90 dB. C-weighted
noise levels are commonly used for assessing scenarios dominated by low-frequency
sound, e.g., locations behind start-of-takeoff roll. The A-weighted and C-weighted
adjustment curves are presented in Figure 1-2.

The indicated airspeed of an aircraft (as read from a standard airspeed indicator),
corrected for position and instrument error. Calibrated airspeed is equal to true
airspeed in the standard atmosphere at sea level.

The difference between the cumulative, A-weighted, sound exposure level (Lag) due
to aircraft noise and the user-specified A-weighted ambient level at a given receiver
location over a user-specified time period'.

A flight operation that combines a departure from and an approach to the

same runway, with level-flight and/or varying-altitude segments in between

Point on the flight path segment, not the extended flight path segment, which is the
closest point of approach to the receptor.

An analysis of an area in the vicinity of an airport encompassed by a graphical plot
consisting of a smooth curve, statistically regressed through points of equal level or
time duration.

The net thrust per engine divided by the ratio of the ambient air pressure at aircraft
altitude to the International Standard Atmosphere (ISA) air pressure at mean sea
level.

Fltis important to note that in AEDT, Change in Exposure uses a default time period of 12 hours. In addition, Change in
Exposure levels below the specified threshold level will be reported as 0.0 dB, and levels are capped at 150 dB.
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Decibel (dB)

Density Ratio

Departure

Depression Angle

Detectability

Directivity Adjustment

Distance Duration

Duration Adjustment

Elevation Angle

Emissions Index (El)

Engine Breakpoint
Temperature

Engine Installation Effect
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A unit of measure for defining a noise level or a noise exposure level. The number of
decibels is calculated as 10logio of the ratio of mean-square pressure or noise
exposure. The reference root-mean-square pressure is 20 pPa, the threshold of
human hearing.

The ratio of density to the ISA sea-level value.

A flight operation that begins on a runway, proceeds down the runway, and climbs
and accelerates to altitudes at specified distances.

The angle between a line along the span of the aircraft’s wing and a line parallel to
the ground plane, which is a combination of the aircraft bank angle and elevation
angle. Depression angle is presented in Figure 4-5.

The ability to detect a signal in the presence of noise, based on signal detection
theory. For the purposes of AEDT modeling, the terms “audibility” and
“detectability” are used interchangeably.

A noise level adjustment resulting from the normalized noise pattern defined by a
360-degree area in the horizontal plane around a noise source. In AEDT,
measurement-based directivity is accounted for in takeoff ground roll and runup
operations for fixed wing aircraft with the Ground-Based Directivity Adjustment
(DIRap). It is also accounted for in all static helicopter operating modes with the
Static Directivity Adjustment (DIRyey_ap).

An empirically-derived effect, expressed as a function of distance, which relates
exposure-based noise levels to maximum-based noise levels. This effect is taken into
account in the AEDT NPD data only for data corrected using the simplified data
adjustment procedure in SAE-AIR-18455,

A noise level adjustment to exposure-based metrics to account for the effect of time-
varying aircraft speed other than 160 knots (the NPD reference speed). Both
acceleration and deceleration are accounted for with the Duration Adjustment
(DURAapy). It is not applied to maximum noise level metrics since they are mostly
independent of speed. Helicopters also utilize duration adjustments; however they
are based on helicopter-specific reference speeds. In addition, helicopters have a
specific Static Operation Duration Adjustment (tuey static) to account for duration
effects due to static operations such as Hover, Ground Idle, and Flight Idle.

The angle between the line representing the propagation path between the aircraft
source and receiver (at the aircraft’s closest point of approach) and the line from the
receiver to the projection of the flight path on the ground. Elevation angle is
presented in Figure 4-5.

A unique value for calculating emissions based on activity data in terms of a standard
rate of emissions per unit of activity (e.g., grams of carbon dioxide emitted per kg of
fossil fuel consumed).

The ambient air temperature (degrees F) above which the thrust output from a flat-
rated engine begins to decrease.

A component of the lateral attenuation adjustment that takes into account the
directivity of the sound from an aircraft as a function of engine/aircraft type (jet,
prop, helicopter), engine mounting location (fuselage or wing), and depression
angle.
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Equivalent Airspeed

Equivalent Auditory System
Noise (EASN)

ESRI

Extended Flight Path
Segment

First Order Approximation
(FOA)

Flight Idle

Flight Operation

Flight Path

Flight Path Processing
Module (FPPM)

Flight Path Segment

Flight Profile

Ground-Based Directivity
Adjustment

Ground Effects (or Ground-
to-Ground Attenuation)
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For an aircraft experiencing a given incompressible dynamic pressure, equivalent
airspeed is the true airspeed at which the aircraft would experience the same
incompressible dynamic pressure at ISA sea-level density.

Equivalent Auditory System Noise (EASN) is the minimum threshold for audibility. It
represents the lowest sound pressure levels detectable by humans with average
hearing (on a one-third octave band basis), and is used in combination with an
ambient file to compute audibility in AEDT.

Software development and services company providing GIS software and
geodatabase management applications.

A mathematical extension from either end of a geometrical flight path segment to
infinity, used in AEDT for the computation of exposure based noise metrics.

First Order Approximation (FOA) version 4.0 is used in AEDT to computenon-volatile,
volatile, and total particulate matter mass and number . See Section 5.1.1.2.

A static helicopter operation, where the helicopter is on the ground with the main
rotor(s) operating at the same speed used for flight operations, but without
generating lift.

A moving (or dynamic) aircraft operation. There are five kinds of flight operations for
fixed-wing aircraft in AEDT: approach, departure, overflight, circuit flight, and touch
and go. There are three kinds of flight operations for helicopters in AEDT: approach,
departure, and helitaxi.

A set of flight path segments describing geometrical and physical parameters used
to model the movement of an aircraft in three-dimensional space. Each flight path
point contains: (1) the geographical location (x- and y-value) relative to the origin of
the airport, (2) the aircraft altitude above field elevation, (3) the aircraft ground
speed (this is also the aircraft’s true airspeed in situations of no wind), (4) the
corrected net thrust per engine or equivalent parameter used to access the NPD
curves, (5) duration (seconds) of the flight path segment following the point, and (6)
aircraft bank angle for the flight path segment following the point (if applicable).
The AEDT Flight Path Processing Module calculates trajectories to match altitude
control definitions across all relevant phases of flight for civilian jet, turboprop, and
piston propeller driven airplanes.

A directed straight line in three-dimensional space, which includes the aircraft
ground speed and corrected net thrust per engine at the beginning point of the line,
and change in speed and thrust along the line to the end point.

A set of points that models the geometrical and physical characteristics of an aircraft
flight operation in the vertical plane. Each profile point contains: (1) the ground
distance (x-value) relative to the origin of the operation, (2) the aircraft altitude
above field elevation, (3) the aircraft true airspeed, and (4) the corrected net thrust
per engine or equivalent parameter used to access the NPD curves. Profile points
representing static operating modes within a helicopter profile also include the
duration of time spent at the defined profile point.

See Directivity Adjustment.

A component of the lateral attenuation adjustment that takes into account the
effects of sound propagating along the ground surface considered to be “acoustically
soft” (such as grass) as a function of lateral distance.
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Ground Idle

Ground Plane

Ground Speed

Ground-to-Ground
Attenuation

Ground Track

Hover in Ground Effect (HIGE)

Hover out of Ground Effect
(HOGE)

Integrated Adjustment
Procedure

Internally Mixed Turbofan

International Standard
Atmosphere (ISA)

Lateral Attenuation
Adjustment

Lateral Directivity
Adjustment

Lateral Distance

A static helicopter state of operation, where the helicopter is on the ground with the
main rotor(s) turning at less than the speed required for flight.

Without terrain elevation processing, the ground plane is the geometric, horizontal
plane at the elevation of the airport. With terrain elevation processing, the elevation
of the ground plane is determined using the user-selected elevation data for the area
surrounding the airport.

The speed of an aircraft, including all spatial components, from a frame of reference
of an observer on the ground.

See Ground Effects.

The trace of the flight path on the horizontal plane. Flight tracks are described as
vector-type tracks consisting of one or more straight or curved segments, or point-
type tracks consisting of an array of x,y points.

A static helicopter state of operation, where the helicopter is hovering with the main
rotor in aerodynamic ground effect (which are not the ground effect discussed
above). Operations in aerodynamic ground effect require less power and are
therefore typically quieter than HOGE operations.

A static helicopter state of operation, where the helicopter is hovering at a main
rotor altitude above aerodynamic ground effect (which are not the ground effect
discussed above). Operations out of aerodynamic ground effect require more power
and are therefore typically louder than HIGE operations.

The preferred adjustment procedure used for developing NPD data from measured
noise level data, which are used in AEDT. It is based on noise level data measured
over the full spectral time history of an event. In the integrated procedure, off-
reference aircraft speed, atmospheric absorption effects, and spherical divergence
are considered. This adjustment procedure provides data consistent with Type 1
quality, as defined in SAE-AIR-1845°%. See the definition of the Simplified Adjustment
Procedure for comparison.

Turbofan in which the bypass flow is also included during the measurement of the
smoke number, indicating that the flow must take the bypass ratio into effect.
Internationally standardized functions of air temperature, pressure, and density
versus aircraft altitude above mean sea level. The ISA is intended for use in
calculations in the design of aircraft, in presenting test results of aircraft and their
components under identical conditions, and to facilitate standardization in the
development and calibration of instruments?.

An adjustment that results from the attenuation of noise at grid points laterally
displaced from the ground projection of an aircraft flight path. It is a combination of
attenuation due to ground effects, attenuation due to refraction-scattering effects
and engine installation effects, as defined in SAE-AIR-5662%°.

An adjustment that results from the linear interpolation between two of the three
sets of helicopter NPDs (left, center and right), to account for helicopter in-flight
directivity effects at a receiver location where the elevation angle is between -45
and 45 degrees.

The perpendicular distance from an aircraft’s ground track to a receiver.
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Line-of-Sight Blockage
Adjustment

Mach

Maximum Noise Level

Mean Sea Level (MSL)

Mean-Square Sound Pressure

Mean-Square Sound Pressure
Ratio

Metric Family

Metric Type

Mixing Height

Net Thrust

Noise

Noise Exposure

Noise Fraction
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An adjustment that results from the attenuation due to line-of-sight (LOS) blockage
from terrain features, and is based on the difference in propagation path length
between the direct path and propagation path over the top of terrain features,
known as path length difference.

A dimensionless number representing the speed of an object moving through air
divided by the local speed of sound.

The maximum of a series of modeled sound pressure levels from a single flight.

The level of the surface of the sea with respect to the land, taken to be the mean
level between high and low tide, and used as a standard base for measuring heights
and depths. The MSL designation is used to indicate that an altitude is specified with
respect to mean sea-level.

A running time-average of frequency-weighted, squared instantaneous acoustic

pressure. For example:
t

T
POk = [ P
—o0 tO
where

p(t)ﬁs A-weighted mean-square pressure using slow exponential time;
P? A-weighted mean-square pressure;
T Time; and
to Initial time = 1 second.

The mean-square sound-pressure ratio is the ratio of the mean-square sound
pressure divided by the square of the reference pressure 20 pPa. It is equivalent to
10%PY1% where SPL is the sound pressure level.

A set of noise-level and time-based metrics differentiated by frequency weighting,
either A-weighted, C-weighted, or tone-corrected perceived.

A metric belongs to one of three types: exposure-based, maximum-level-based, or
time-based.

The height at the top layer of atmosphere where relatively vigorous mixing of
pollutants and other gases will take place for the airport in a given month. The
mixing height varies both diurnally and seasonally. In AEDT, users can change the
default mixing height value of 3,000 ft (AFE) for emissions inventories. The mixing
height for emissions dispersion is fixed at 3,000 ft.

The gross thrust of a jet engine minus the drag due to the momentum of the
incoming air.

Any unwanted sound. “Noise” and “sound” are used interchangeably in this
document.

See Sound Exposure.

The ratio of noise exposure at a grid point due to a flight path segment, and the
noise exposure at the same grid point due to a straight, infinite flight path extended
in both directions from the segment. The noise fraction methodology is based upon a
fourth-power 90- degree dipole model of sound radiation.
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Noise Fraction Adjustment

Noise-Level Threshold

Noise-Power-Distance (NPD)
Data

Noise Significance Tests

One-Third Octave-Bands

Operating Configuration

An adjustment that is a function of the ratio of the noise exposure at a grid point due
to a flight path segment, and the noise exposure at the same grid point due to a
straight, infinite flight path, extended in both directions from the segment. The
application of the noise fraction adjustment to the NPD data facilitates the modeling
of a three- dimensional flight path, using straight flight path segments.

A noise level specified by the user that is the boundary value above which time-
above calculations are performed.

A set of noise levels, expressed as a function of: (1) engine power, usually the
corrected net thrust per engine; and (2) distance. The NPD data in AEDT are
corrected for aircraft speed, atmospheric absorption, distance duration, and
spherical spreading. For helicopters, noise levels are presented as a function of: (1)
operation mode; and (2) distance.

Tests performed by AEDT to determine if a flight operation is acoustically significant.
Two types of tests are used: the relative noise-level/time test and the segment
proximity test. The reason for performing these tests is to decrease runtime during a
contour analysis. They are only performed when irregularly spaced grids are used.

A method of characterizing the audio spectrum according to a series of frequency
bands with constant-percentage-bandwidths, as described in ANSI $1.6-1984 (R2006)
“Preferred Frequencies, Frequency Levels and Band Numbers for Acoustical
Measurements”3and ANSI S1.11-2004 “Specification for Octave-Band and Fractional-
Octave- Band Analog and Digital Filters.”* The standard one-third octave-bands used
in AEDT are presented in Table 1-1.

Table 1-1 Definition of One-Third Octave-Bands

One-Third One-Third
Octave-Band | Nominal Center Octave-Band | Nominal Center
Number Frequency (Hz) Number Frequency (Hz)
17 50 30 1,000
18 63 31 1,250
19 80 32 1,600
20 100 33 2,000
21 125 34 2,500
22 160 35 3,150
23 200 36 4,000
24 250 37 5,000
25 315 38 6,300
26 400 39 8,000
27 500 40 10,000
28 630
29 800

Operating configurations specify the pattern of aircraft arrivals and departures on
specific runways depending on the weather conditions and airport capacity.
Specifying configurations allows the user to assign aircraft to runways based on
aircraft weight category criteria that is similar to those employed in an actual airport
operating environment. Operating configurations are only used when the Delay &
Sequencing modeling option is enabled.
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Overflight

Procedure Steps

Pressure Ratio

Profile Points

°R

Receptor

Reference Day Conditions

Reference Speed

Refraction

Refraction-Scattering Effects
(or Air-to-Ground
Attenuation)

Regular Grid

Relative Noise-Level/Time
Test

Runup

Scattering

Segment Proximity Test
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A flight operation that starts and ends in airspace (i.e. not a runway end/helipad)
with optional user-specified changes in altitude and speed during the flight.

A prescription for flying part of a profile. Procedures include climbing at constant
calibrated airspeed to a given altitude, accelerating to a given airspeed while
climbing at a given vertical rate, etc.

The ratio of pressure to the ISA sea-level value

The set of points that make up a flight profile. Profile points can be input directly
into the AEDT or can be calculated by AEDT from a set of procedure steps.

Degrees Rankine, which uses the Fahrenheit scale adjusted so that O degrees Rankine
is equal to absolute zero.

A receiver or grid point at which noise, time, or concentration values are computed.
The atmospheric conditions corresponding to 77 degrees Fahrenheit (25 degrees
Celsius), 70% relative humidity, and 29.92 in-Hg (760 mm-Hg). These are the
atmospheric conditions to which aircraft noise certification data are corrected in
accordance with 14 CFR Part 36 Section B36.7. These conditions are commonly
referred to as ISA plus 10 degrees Celsius (ISA+10).

The noise-exposure reference speed in AEDT is 160 knots. Thus, Lag and Lepn Values in
the NPD database are referenced to 160 kts. The Lasmx, Lcsmx, and Lentsmx Values are
assumed to be independent of aircraft speed.

Change in the direction of sound propagation as a result of spatial changes in the
speed of sound in a medium.

A component of the lateral attenuation adjustment that takes into account the
effects of refraction and scattering as sound propagates through the air to the
receiver as a function of elevation angle.

A set of receptor points spaced at fixed intervals, over a specified area in the vicinity
of the case airport.

A noise significance test in which all flight segments of all operations are sorted high-
to-low according to the noise (time) contribution of each flight path segment at a
regular grid point. Flight path segments considered significant are those whose
cumulative noise (time) first equals or exceeds 97% of the total mean-square sound-
pressure ratio (total time) at the grid point.

An activity in which an aircraft is testing engine operations on the ground. It is
modeled in AEDT as an aircraft in a stationary position on the ground, with aircraft
thrust held constant at a user-defined level for a time period.

Irregular reflection or diffraction of sound in many directions.

A noise significance test in which a flight path segment, which is first determined to
be insignificant by the flight path segment noise test, is further tested based on its
distance to a regular grid point. If it is determined that the flight path segment is
within a certain distance of the grid point, the flight path segment regains its
significance status. This distance is based on the diagonal distance between base grid
points (one times the diagonal distance for most metrics) as an acceptance criterion.
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Simplified Adjustment
Procedure

Slant Range Distance (SLR)

Sound Pressure Level (SPL)

Sound Exposure (Noise
Exposure)

Sound Exposure Level

Sound Exposure Ratio

An adjustment procedure used for developing NPD data from measured noise level
data, which are used in AEDT. In contrast to the integrated adjustment procedure,
the simplified adjustment procedure is based on noise-level data measured at the
time of the maximum noise level only. In the simplified adjustment procedure, off-
reference aircraft speed, atmospheric absorption, distance duration effects, and
spherical divergence are considered. This adjustment procedure provides data
consistent with Type 2 quality as defined in SAE-AIR-18455%,

The line-of-sight distance between a receiver and a flight path segment.

Ten times the base-10 logarithm of the ratio of the mean-square sound pressure, in
a stated frequency band, to the square of the reference sound pressure of 20 pPa,
which is the threshold of human hearing.

pZ
SPL = 1010g10 |:7:|
bo

where

p Mean-square pressure (Pa?); and

Do 20 pPa.
The integral over a given time interval (t, — t;) of the instantaneous, frequency-
weighted, squared sound pressure:

2

ty
Ep = p?(t)dt
t1
where
Ei, Sound exposure (Pa%s) over the time interval (t,-t1).

Ten times the base-10 logarithm of the sound exposure divided by a reference
sound exposure.

E
LE = 10l0g10 [E_O]

where
E Sound exposure (Pa’s);
Eo (20 uPa)? (1 s) for A- weighted and C-weighted sound exposure; and
Eo (20 pPa)? (10 s) for tone-corrected perceived sound exposure.

Commonly called “energy”. The ratio of sound exposure over a reference sound
exposure, or ten raised to power of one tenth the sound exposure level:

E Lg
Eq = 1070
where
E Sound exposure (Pa’s);
Eo Reference sound exposure (Pa%s); and
Le Sound exposure level (dB).
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Source Noise Adjustment
Due to Advancing Tip Mach
Number

Speciated Organic Gas (0G)

Spectrum

Spectral Class

Spherical Divergence

Stage Length
Standard Day Conditions

Static Directivity Adjustment

Static Operation

Static Operation Duration
Adjustment

Static Thrust
Statistical Compression

Temperature Deviation

Temperature Ratio

Thrust Reverser Adjustment

Thrust-Specific Fuel
Consumption (TSFC)

Time-Above

Time Audible
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A noise adjustment based upon the change in Mach number of the advancing rotor
blade of a helicopter. This adjustment is only applied during level flight segments,
and accounts for airspeed, temperature and/or rotor RPM which deviate from
helicopter-specific reference values.

A specific molecular species whose total mass is based on a fraction of TOG mass.
AEDT reports 49 speciated organic gases.

A set of sound pressure levels in component frequency bands, usually one-third
octave bands.

A set of aircraft spectra which are grouped together based on similar spectral
characteristics for similar operational modes.

Spherical divergence, which is taken into account in the AEDT NPD data, is defined as
the transmission loss of mean-square sound pressure, which varies inversely with
the square of the distance from a point source. In contrast, cylindrical divergence is
the transmission loss of mean-square sound pressure, which varies inversely with
distance from a line source.

A range of trip lengths/distances for departure profiles.

The atmospheric conditions corresponding to 59 degrees Fahrenheit (15 degrees
Celsius), 70% relative humidity, and 29.92 in-Hg (760 mm-Hg). The values for
temperature and atmospheric pressure are sea-level conditions for the ISA.

See Directivity Adjustment.

A stationary aircraft operation. Runup operations are the only kind of static
operations available for fixed-wing aircraft in AEDT. There are four kinds of static
operational modes for helicopters in AEDT: flight idle, ground idle, hover in ground
effect, and hover out of ground effect. Static helicopter operations are utilized in
conjunction with a static directivity adjustment.

See Duration Adjustment.

Maximum thrust (Ibs) produced by a stationary engine at sea-level, ISA conditions.
A method used to adjust TAUD to account for the effects of simultaneously occurring
aircraft events on audibility. Also known as the overlapping events method.

The difference between the temperature at a given location and time and the
corresponding temperature in another atmosphere at the same location and time
The ratio of temperature to the ISA sea-level value.

An empirically-derived noise adjustment to account for noise from thrust reverser
deployment during the landing ground roll.

The flow rate of fuel (mass/time) consumed by an engine per unit of thrust (force)
produced by that engine. TSFC is a measure of the efficiency of the engine, with
smaller values indicating higher efficiency.

The duration that a time-varying sound level is above a given sound level threshold.
The duration that a time-varying sound level may be detected in the presence of
ambient noise as audible by a human observer with normal hearing, who is actively
listening for aircraft noise.
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Time-Averaging Constant

Tone-Corrected Perceived
Noise Level

Touch and Go (TGO)

True Airspeed (TAS)

Weighting Factor

A constant decibel value that is ten times the base-10 logarithm of the time interval
associated with the metric divided by a reference time interval, which is usually one
second. The time-averaging constant is equal to:

Time — Averaging Constant = 10log,,[N7]

where
T.
N =t
T Tref
T; Time interval associated with a particular metric (s); and
Tres Reference time interval (s).

Using Lan as an example, Ti is 86,400 seconds in 24 hours, T is 1 second, and the
time-averaging constant is 49.37 dB. The time-averaging constant is subtracted from
the sound exposure level to compute an equivalent or average sound level.
Tone-corrected perceived noise levels are used to estimate human-perceived noise
from broadband sound sources, such as aircraft, which contain pure tones or other
major irregularities in their frequency spectra. It is calculated by applying an
adjustment to the noise level that is related to the degree of irregularity that may
occur among contiguous one-third octave band sound pressure levels of aircraft
noise, as described in 14 CFR Part 3622,

A flight operation that begins with a level flight in the terminal control area,
descends and lands on an airport runway, and then takes off immediately after
landing and returns to level flight.

The speed of an aircraft (kts) relative to its surrounding air mass.

A numeric value that multiplies the sound exposure ratio associated with a time
period for a given metric. For the exposure-based metrics, the weighting factor acts
as a penalty for operations that occur during a specific time period. Usually larger
penalties are applied during the night-time period when people are most sensitive to
noise. For the maximum-level and time-based metrics, the weighting factors are
either zero or unity. As such, they act as a binary switch allowing the user to select
specific time periods for computation.
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1.5 Abbreviations
A term in bold indicates that it is defined in the Terminology or Abbreviations table.

AEDT Aviation Environmental Design Tool

AEE FAA Office of Environment and Energy

AFE Above Field Elevation

AGL Above Ground Level

AFR Air-to-Fuel Ratio

AIR Aerospace Information Report (SAE-AIR)

ANP Aircraft Noise and Performance Model. See Section 2.1.4.
APEX Aircraft Particle Emissions eXperiment. See Section 5.1.1.2.
APU Auxiliary Power Unit

BADA 3 Base of Aircraft Data 3. See Section 3.2.

BADA 4 Base of Aircraft Data 4. See Section 12.3.

BFFM2 Boeing Fuel Flow Method 2

BTU British Thermal Unit

°C Degrees Celsius (temperature)

CAEP ICAO Committee on Aviation Environmental Protection
CAS Calibrated Air Speed

CPA Closest Point of Approach

co Carbon Monoxide

CO, Carbon Dioxide

cl Concentration Index

dB Decibel

EASN Equivalent Auditory System Noise

ECAC European Civil Aviation Conference

EDMS Emissions and Dispersion Modeling System

EDB International Civil Aviation Organization (ICAQO) Engine Emissions Databank
El Emissions index

EPA United States Environmental Protection Agency
EUROCONTROL | European Organization for the Safety of Air Navigation
°F Degrees Fahrenheit (temperature)

FAA United States Federal Aviation Administration

FAR Federal Aviation Regulation

ft Feet

FOA First Order Approximation

FSC Fuel Sulfur Content

FSL Forecast Systems Laboratory

GIS Geographic Information System
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GSE Ground support equipment

GUI Graphical User Interface

HAP Hazardous Air Pollutant

HC Hydrocarbons

HIGE Hover In Ground Effect

HOGE Hover Out of Ground Effect

IATA International Air Transport Association

ICAO International Civil Aviation Organization

In-Hg Inches of Mercury (barometric pressure)

INM Integrated Noise Model

ISA International Standard Atmosphere

km Kilometers

kt, kts Knots (international nautical miles per hour)

Lae A-weighted sound exposure level (SEL)

Lasms Maximum A-weighted sound level with slow-scale exponential time weighting
(LAMAX)

Lce C-weighted sound exposure level (CEXP)

Lesme C-weighte.d maximum sound level with slow-scale exponential weighting
characteristics (LCMAX)

Lepn Effective tone-corrected perceived noise level (EPNL)

Lonrms Ma.xim.um tone-corrected perceived noise level with slow-scale exponential time
weighting (PNLTM)

Ib Weight

Ibf Pounds force

LTO Landing and Takeoff

m Meters

MOVES Motor Vehicle Emission Simulator

MSL Mean Sea Level

N Newtons

NAAQS National Ambient Air Quality Standards

NASA National Aeronautics and Space Administration

NCDC National Climactic Data Center

NEPA National Environmental Policy Act

nmi International Nautical Miles (1,852 m)

NO; Nitrogen Dioxide

NO, Oxides of Nitrogen

NPD Noise-Power-Distance

NMHC Non-Methane Hydrocarbons

NOAA National Oceanic and Atmospheric Administration
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NWS National Weather Service

0G speciated organic gas

PM Particulate Matter

PM;o particulate matter less than 10 micrometers in aerodynamic diameter
PM; s particulate matter less than 2.5 micrometers in aerodynamic diameter
PIT Population Import Tool

°R Degrees Rankine

ROC Rate of Climb

Pa Pascal (unit of pressure, one Newton per square meter)
PCPA Perpendicular Closest Point of Approach

s, sec Second (time duration)

SAE Society of Automotive Engineers

SLR Slant Range Distance

SN Smoke Number

SO, Sulfur dioxide

SOx Sulfur Oxides

SPL Sound Pressure Level

TAS True Air Speed

THC Total Hydrocarbons

TOG Total Organic Gases

TSFC Thrust-Specific Fuel Consumption

VOC Volatile Organic Compounds
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2. Data

2.1 AEDT Databases

2.1.1 Overview

The central data architecture of AEDT relies on a relational database management system (Microsoft
SQL Server'). There are two tiers in the architecture, a foundation comprised of two system provided
databases (Airport and Fleet), and a superstructure (Study) for end user content management.

The two AEDT system databases, Airport and Fleet, define the relational data storage, referred to as a
schema. They contain the geographic and source information for airport and equipment elements
necessary to populate required parameters in the underlying environmental models — e.g.,
aerodynamic, emissions, and structural coefficients for both aircraft and non-aircraft equipment,
external reference codes from standard aviation sources, runway and helipad data, historical
meteorological values, etc.

The superstructure, generally referred to as Study, replicates a combined schema of the system
databases and adds structure in the form of additional relational schema to establish a repository for
operational inputs, results storage, user-defined elements, and graphical representations for a given
analysis. A template Study database schema exists as the point of origin for creating a new study.
Whenever a new study is created, typically using the graphical user interface, data desired by the user is
retrieved from the system database(s) and placed into the new instance of a study database.

The concept of relational database management extends beyond just data storage to include a
programmable engine for data storage and retrieval, enterprise storage platforms for scalability, and
external access to input and output data.

The AEDT database schema is an open standard with respective database description documents for the
three defined databases:

e Study: Baseline format for creating and importing a new study;

e Airport: Global set of airport-specific data using standard FAA, International Civil Aviation
Organization (ICAQ), and International Air Transport Association (IATA) codes; and

e Fleet: Data for all available equipment, both aircraft and non-aircraft, used in the performance,
emissions, and noise environmental models

2.1.2 Study Database

The AEDT Study database contains all information, or references to external source data (weather,
terrain, ambient, and map layers), including input and configuration, intermediate data, and output
results for the AEDT application. A schematic representation of the database (called entity relationship
diagram) is available with the AEDT installation (Study ERD.pdf). The diagram highlights the structures

i For AEDT 3c, the officially supported versions of Microsoft SQL Server are 2012 and 2017. Other versions of MS SQL Server
may work with the software but have not been thoroughly tested.
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three main data areas (airport, fleet, and operations). Further, the diagram places the constellation of
user settings, metric results constructs, and user-defined content such as equipment and airport
configurations, and grouping and annualization of operations.

Any given study may contain one or more airports, each with one or many layouts, and each layout may
have one or more operating configurations, e.g. north-flow or west-flow. AEDT’s calculation of metric
results is flexible enough to incorporate operations located at any of the airports included in the study.
The relational links between operations and the airport(s) where those operations take place are
maintained in the study.

Further, in developing any given study, one or more years (future or past) can be included and applied
on a per metric result (output) basis. Individual airport layouts can be time constrained, if desired, to a
time period and operations which may span larger time periods will filtered by the system when creating
the metric results. A common design for a study is the construct of a present airport layout and a future
airport layout with respective operations for each layout. The metric results for each layout can then be
compared to identify improvements in the environmental consequences of the new design.

The information defined in the Study database is available in the Study Database Description Document
(Study DDD)®. The Study DDD specifies all parameter types and units, table structure (grouping of
parameters), and the relational links between tables, i.e. the database schema.

2.1.3 Airport Database

The AEDT Airport database consists of tables containing a global set of airports and airport data such as
runways, historical atmospheric conditions, and time zones.

An AEDT study contains airport data from the Airport database. As noted in Section 2.1.1, the airport
tables are populated with data pertinent to the airports referenced in the study. The initial population of
the airport tables in a study database are a subset of the records contained in the Airport database:

1. ICAO and IATA airport codes including their time history of changes.

2. Historical averages of meteorological data from weather sensors (US only)

3. Airport surface structures, e.g. runways, taxiways, gates, buildings, etc.

4. Airspace geographical content on procedures, e.g. ground-tracks, altitude controls, etc.

Once the study database is established, additional detail about a given airport can be created or
modified through the graphical user interface, an ASIF, or directly in the SQL database. Further, if
additional airports are desired after an initial set of airports are chosen, they can be added to the study
using the graphical interface functions.

The information defined in the Airport database is available in the Airport Database Description
Document (Airport DDD)®. The Airport DDD specifies all parameter types and units, table structure
(grouping of parameters), and the relational links between tables, i.e. the database schema.
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2.1.4 Fleet Database

The AEDT Fleet database contains tables that store aircraft and non-aircraft equipment related
information for use by the AEDT system. The AEDT Fleet database tables are relationally linked and each
falls into three tiers of aircraft data — physical, modeling, and type.

The Fleet database contains over 3,000 aircraft (airframe/engine combinations) and approximately 400
non-aircraft emissions sources (ground support equipment, stationary power and fuel equipment, and
auxiliary power units).

The modeling tier contains aircraft modeling parameters specific to the four aircraft representations
used to evaluate the environmental impacts of interest in AEDT. These four models are:

ICAO Engine Emissions Databank’ (EDB)

ICAO Aircraft Noise and Performance Database® (ANP)
EUROCONTROL Base of Aircraft Data Family 3 (BADA 3)%8
EUROCONTROL BADA Family 4 (BADA 4)°

A wnNe

The aircraft in the physical tier are assigned links to aircraft representations from each of the four
models in the modeling tier. This mapping effectively condenses the fleet of physical aircraft into a
modeling set of over 4,000 equipment records.

The type tier is the most abstract layer of the Fleet database. This representation is based on the ICAO
Aircraft Type document, ICAO 8643, and the IATA Aircraft Type Table!!. These Types address aircraft at
the airframe level and are typically used by, for example, air traffic management systems to reference
aircraft in schedule and operational records.

The non-aircraft emissions sources are available for use in modeling emissions and emissions dispersion
metrics. The non-aircraft equipment are stored in hierarchical tables that separate the sources into
categories according to the physical mechanisms of their respective emissions, e.g. combustion,
evaporation, wind/run-off, etc. The set of system provided non-aircraft equipment is available for
assignment to operations in two ways, either as stand-alone operations or associated with (and
therefore proportional to) aircraft operations.

The information defined in the Fleet database is available in the Fleet Database Description Document
(Fleet DDD) *2. The Fleet DDD specifies all parameter types and units, table structure (grouping of
parameters), and the relational links between tables, i.e. the database schema.

2.1.5 Equipment Operations (Study)

The central construct in an AEDT Study is equipment operations. Operations can be specified in, broadly,
two modes. Either as an explicitly scheduled operation where the minimum required information for the
operation is the equipment to be used, the time at which the operation is to take place, and the location
of the operation. Or, as an operational (time) profile where again the equipment and location of the
operation must be specified by the user but the time component is an activity profile over an entire
model year. The activity profile is the combination of three, hour-of-day/day-of-week/month-of-year,
distributions that are applied by the system to form an annual explicit schedule.
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The minimum information on the two forms of operations (activity profile and explicit schedule) can be
further augmented with, where available or created by the user, additional geographic, temporal, and
logical information. For example, track geometry and controls can be applied to the aircraft operations.
Gate and taxipath information can be applied to non-aircraft and aircraft operations. If even more detail
is available, the desired trajectory or sensor path can be assigned to an aircraft operation.

These two operations forms are encapsulated in the AIR_OPERATION and STN_OP tables found in the
Study database. The relational links between the equipment, location/geometry of the operation, and
the time or activity profile are maintained within the Study database explicitly and do not relate back to
the system Airport and Fleet databases.

Aircraft Operations
The root data for scheduled operation are records in the AIR_OPERATION table of the Study database.
Each record links, at minimum, to an aircraft equipment record (FLT_EQUIPMENT), an airport layout
record (AIRPORT_LAYOUT), and an operation type and count, e.g. departure, arrival, overflight, etc. For
any operation record, additional information about the operation can be linked to and/or set in the
record. The comprehensive list of optional and additional fields for the operation record are as follows:

e [USER_ID]

e [AIR_OPERATION_DETAIL_ID]

e [OPERATION_TIME] or [ACTIVITY_PROFILE]

e [PROFILE] or [STAGE_LENGTH]or [AIRPORT_PAIR]

e [DEPARTURE_RUNWAY_END] or [ARRIVAL_RUNWAY_END] or [TRACK] or [SENSOR_PATH]

e [ARRIVAL_GATE_ID] or [DEPARTURE_GATE_ID]

e [TAXI_OUT_TIME] or [TAXI_IN_TIME]

e [CRUISE_ALTITUDE]

Each of these fields can be addressed through the graphical user interface, an ASIF, or directly in the SQL
database. As noted above the field-level definitions for each item in this list is available in the Study
DDD.

Non-Aircraft Operations (Activity Profile Only)

The root data for non-aircraft operations are stored in the STN_OP table of the Study database. Each
record links, at minimum, to a non-aircraft equipment record (STN_SOURCE table), an airport layout
record (AIRPORT_LAYOUT table), an activity profile record (APTPROFILE_ACTIVITY_PROFILE table) and
an annual (or peak) operation count. For any non-aircraft operation record, additional information
about the operation can be linked to and/or set in the record. The non-aircraft operation record can
optionally specify a geographic location at which stationary emissions sources are located with the three
additional fields: [ELEVATION], [LATITUDE], and [LONGITUDE].

The location fields can be addressed through the graphical user interface, an ASIF, or the SQL database
in the same way that Aircraft Operations details are exposed. As noted above, these three field
definitions are available in the Study DDD.
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2.2 InputData

2.2.1 Summary of Input Data for Noise Computation

The AEDT Fleet database contains noise vs. power vs. distance acoustic data (or noise vs. operational
mode vs. distance data for helicopters), augmented by a database of spectral characteristics (known as
spectral classes) and additional aircraft-specific data to support several noise adjustments available in
AEDT.

2.2.1.1 Noise-Power-Distance (NPD) Data Sets

The noise vs. power vs. distance acoustic data (or noise vs. operational mode vs. distance data for
helicopters) in AEDT, also referred to as NPD data, represent the aircraft source noise level for a given
operational mode and power setting at a range of slant distances from the aircraft to account for
acoustic propagation through a standard atmosphere. There are two types of NPDs in AEDT: fixed wing
aircraft NPDs (for all commercial and military fixed wing aircraft), and helicopter NPDs. The NPD data for
fixed-wing aircraft consist of a set of decibel (dB) levels for various combinations of aircraft operational
modes, engine power settings, slant distances from aircraft to receptor, and base noise metrics that are
associated with a specific aircraft engine. The NPD data for helicopters consist of a set of decibel levels
for various combinations of aircraft operational modes, slant distances from aircraft to receptor, and
base noise metrics that are associated with a specific helicopter engine. These data are usually obtained
from the AEDT Fleet database, but they can also be user-defined. These commercial fixed-wing aircraft
NPD data are also consistent with the EUROCONTROL ANP database™,

An underlying assumption is that NPD data represent an aircraft proceeding along a straight flight path
of infinite length and parallel to the ground through a standard atmosphere. Differences from this
assumption, such as curved flight tracks and climbing/descending flight profiles, are accounted for by
adjustments to the NPDs.

NPDs represent the source noise for a specific aircraft. A decibel level on an NPD includes the noise
generated by the airframe and all engines". For helicopters, NPDs also includes rotor noise.

For fixed wing aircraft, each NPD is associated with an engine power setting, also known as thrust
setting. NPDs at different power settings represent the different types of noise generated by those
power settings. Engine power setting is expressed on a per engine basis in a variety of units, as listed in
Table 2-1. For helicopters, NPDs are not associated with an engine power setting and are associated
with a helicopter operational mode instead.

' The ANP NPD database does not include military or helicopter data.

Vit is important to note that although engine power setting for a NPD is expressed on a per engine basis, the corresponding
noise level on the NPD represents all engines on the aircraft.
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Table 2-1 Engine Power Setting Units
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Engine Power (Thrust) Setting

Description

Units

Pounds

Corrected net thrust per engine

Pounds force

TurbinelnletTemperatureDegC

Turbine inlet temperature

Degrees Celsius

EnginePressureRatio

Engine pressure ratio

Dimensionless

EquivalentShaftPower

Equivalent shaft power

Horsepower

ManifoldPressurelnHg

Manifold pressure

Inches of mercury

PoundsPerHourFuelFlow

Fuel mass flow rate

Pounds per hour

Percent

Percent of ISA sea-level static
thrust

Percent (dimensionless)

PercentCorrectedRotorSpeed

Percent of maximum corrected
rotor design speed

Percent (dimensionless)

FanSpeed

Fan speed

Rotations per minute

PercentFanSpeed

Percent of fan design speed

Percent (dimensionless)

PercentLowPressureCompressorSpeed

Percent of low pressure
compressor design speed

Percent (dimensionless)

PowerlLeverAngle

Power lever angle

Degrees (in decimals)

PercentPropellerOrCompressorRPM

Percent of propeller or
compressor design speed

Percent (dimensionless)

PropellerOrCompressorRPM

Propeller or compressor speed

Rotations per minute

Different operational modes generate different types of noise. Typically, departure operations may be
dominated by engine noise, whereas approach operations may be dominated by airframe noise. To
account for these differences, NPDs are also delineated by operational mode. For fixed-wing aircraft,
NPD data consist of two or more noise curves for each operational mode. Operational modes are sub-
categories of phases of modeled flight. See Table 2-2 for a complete list of fixed-wing aircraft

operational modes.

Helicopter NPD data consist of noise curves for each operational mode procedural step. While
helicopters use the same general operational mode types as fixed-wing aircraft (approach, departure
and level flight), AEDT further delineates helicopter operational mode to include a variety of different
types of procedural steps. The NPD data for a helicopter, either from the AEDT Fleet database or user-
defined, are organized according to dynamic operation modes (departure, approach, overflight,
accelerate, decelerate, etc.) and static operational modes (ground idle, flight idle, hover in and out of
ground effect). See Table 2-2 and Table 2-3 for a complete list of fixed-wing aircraft and helicopter

operational mode procedure steps.

Table 2-2 Operational Mode for Each Fixed-Wing Aircraft NPD Data Set

Operational Mode Description
A Approach
D Departure
L Level flight
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Table 2-3 Operational Mode Procedure Steps for Each Helicopter NPD Data Set

Opt'e\;it;znal Description State
A Approach at constant speed Dynamic
D Departure at constant speed Dynamic
L Level flyover at constant speed Dynamic
G Ground idle Static
H Flight idle Static
I Hover in ground effect Static
J Hover out of ground effect Static
\Y Vertical ascent in ground effect Static
w Vertical ascent out of ground effect Static
Y Vertical descent in ground effect Static
z Vertical descent out of ground effect Static
B Approach with horizontal deceleration Dynamic
C Approach with descending deceleration Dynamic
E Depart with horizontal acceleration Dynamic
F Depart with climbing acceleration Dynamic
T Taxi at constant speed Dynamic

Each NPD includes aircraft noise levels at the following ten distances: 200; 400; 630; 1,000; 2,000; 4,000;
6,300; 10,000; 16,000; and 25,000 ft. The propagation of aircraft noise under standard conditions is
represented by NPDs in AEDT. The noise levels in the NPD data (for all aircraft types) have been adjusted
for time-varying aircraft speed (exposure-based noise levels only), atmospheric absorption, distance-
duration effects (if the simplified adjustment process is used for exposure-based noise levels)’, and
spherical divergence to each of the ten distances in accordance with the methodology presented in
Reference 64 and summarized in Reference 14.

Each set of NPDs in the database includes separate NPDs for four different base noise metrics:

Lae A-weighted sound exposure level (SEL);
Lasmx Maximum A-weighted sound level with slow-scale exponential time weighting (LAMAX);
Lepn Effective tone-corrected perceived noise level (EPNL); and

Lentsmx  Maximum tone-corrected perceived noise level with slow-scale exponential time
weighting (PNLTM).

All metrics in AEDT, including C-weighted and time-based metrics, are computed using these four base
noise level metrics.

v A specific adjustment is used to account for distance-duration effects computed with the simplified adjustment process. For
military aircraft, NPD data were developed using the simplified data adjustment procedure, and distance duration effects
were computed using an empirically-derived 6.0 logio[d/d.f] relationship. In contrast, NPD data for civilian aircraft that were
corrected using the simplified procedure were adjusted using an empirically-derived 7.5 logio[d/def] relationship. It was
decided that the 6-log relationship would be maintained for the military aircraft in AEDT, since it represents a best-fit
empirical relationship for those aircraft.
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For fixed-wing aircraft, noise levels that lie between thrust values or between distance values are
obtained by linear interpolation on thrust and logarithmic interpolation on distance. Extrapolation is
used to obtain levels outside of the bounding thrust or distances values, see Section 4.2.2. For
helicopters, no interpolation is performed between multiple operational modes

While the underlying databases for fixed-wing aircraft, helicopters, and military aircraft are based on the
same data format (NPDs in conjunction with spectral data), there are several key differences in the AEDT
Fleet database between helicopter and fixed-wing NPDs that warrant a more detailed description. The
helicopter NPDs main differences are that:

e They are delineated according to operational mode instead of thrust/power setting;

e Nointerpolation is performed between multiple operational modes;

e For the dynamic operational modes they come in sets of three curves to represent helicopter
noise lateral directivity; and

e For static operational modes each single NPD curve is paired with a helicopter-specific directivity
adjustment to represent helicopter noise directivity.

For dynamic operational modes, there are three sets of noise levels for various combinations of
helicopter operational modes (instead of thrust levels) at the ten standard distances. This set of three
NPD curves is used to account for the asymmetrical directivity associated with helicopter noise; the
three curves correspond to noise levels at locations directly below the helicopter (center) and at
approximately 45 degrees to either side (left/right) of the centerline. For static operational modes, there
is a single set of noise levels for various combinations of helicopter operational modes and slant
distances from the helicopter to receptor. This single set of NPD curves is used in conjunction with a
helicopter-specific directivity adjustment to account for static operational mode directivity (see Section
2.2.1.3).

2.2.1.2 Spectral Data Sets

The spectral data in AEDT consist of a set of sound pressure level vs. one-third octave-band frequency
(50 Hz to 10 kHz) values measured at the time of Lasmx Or Lentsmx and corrected to a reference distance of
1,000 ft (305 m) using the SAE-AIR-1845°% atmospheric absorption coefficients. These spectral data are
used in AEDT to compute the following:

e Atmospheric absorption adjustment based on local temperature and relative humidity;
e Line-of-sight blockage adjustment due to terrain; and
e C-weighted noise metrics.

AEDT does not support a separate spectrum for each aircraft and operational mode. Instead, the
spectral data in AEDT are in the form of spectral classes, which represent the spectral shape at time of
maximum sound level for a group of aircraft deemed to have similar spectral characteristics for each
different operation mode (approach, departure, level flight/afterburner). Sensitivity and validation tests
were conducted on aircraft to identify appropriate spectral class groupings®.

The spectral class data was originally developed for the FAA’s INM*3. During the initial development
process, aircraft were grouped together by engine type and/or number of engines (i.e., low-bypass ratio
jet, high-bypass ratio jet, four engine jet, turboprop, piston, etc.); the groups were then broken down
further by spectral shape. Some groups were partitioned further to eliminate the presence of widely
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used aircraft in the same group. For instance, aircraft that often fly similar missions (e.g., medium-range,
narrow-body, commercial jet aircraft) may be placed in separate groups, even though their spectral
shapes are similar, because of differences in engine type and engine placement/configuration on the
aircraft. Aircraft added since the initial development were assigned to a spectral class using a series of
tests to determine the class which provided the best fit. The best fit was based on spectral shape and
similarities in atmospheric absorption calculations over the ten NPD slant distances for five different
temperature and humidity conditions" and line-of-sight blockage calculations over the ten NPD slant
distances for seven path length differences"’, rather than on aircraft type (although in the majority of
cases, the best fit spectral class proved to contain aircraft of similar types). The spectral class assignment
process is documented in Section 11.2.2.

Similar spectral data for military aircraft from the Noisefile Database in the United States Air Force
NOISEMAP computer program?® are included in AEDT. NOISEMAP is used for computing noise exposure
at facilities dominated by military operations. The military data also exist in the form of one-third
octave-band spectra measured at the time of LASmx. These data were corrected to a distance of 1,000
feet (305 meters) using the SAE-AIR-1845% atmospheric absorption coefficients to maintain similarity
with the referenced report.

Once the spectra were grouped together, a representative spectrum was determined for the group. The
spectrum was calculated from a departure-weighted arithmetic average of the individual aircraft spectra
in the group for commercial aircraft. For military aircraft, aircraft inventory data were collected and each
spectral class was represented by the single military aircraft which had the highest number in physical
fleet inventory. Some single- and twin-engine turboprops and turbojets (i.e., business jets) have
commercial, military, and private usages. For these aircraft, the representative spectrum was calculated
using an equally weighted arithmetic average of all of the individual aircraft spectra.

2.2.1.3 Helicopter Static Directivity Data Sets

The AEDT Fleet database includes directivity data for modeling noise from helicopter static operations
(ground idle, flight idle, hover-in-ground-effect (HIGE), and hover-out-of-ground-effect (HOGE)). The
static directivity data account for changes to the sound level as a function of the helicopter azimuth
angle, which is measured clockwise from the nose of the helicopter. These data are based on empirical
measurements, and account for relative differences in sound level at 15-degree increments around the
helicopter at a nominal radial distance of approximately 200 ft. Many helicopters in the AEDT Fleet
database have both acoustically hard and soft ground directivity data.

2.2.1.4 Helicopter Operational Mode Adjustment

Although the AEDT database has the capability to include NPDs representing 16 different operational
mode procedure steps, many helicopters in the database do not have a complete set of NPDs
representing all of these procedure steps. In cases where NPDs do not exist in the AEDT database to
model a procedure step for a particular helicopter, existing NPDs may be modified with a helicopter
operational mode adjustment specific for that helicopter. For each helicopter in the AEDT database,
there are six helicopter operational mode adjustments: vertical ascent (Vert Asc), vertical descent (Vert

ViThe 5 temperature and humidity conditions used in the atmospheric absorption calculations are the SAE standard
atmosphere and the 4 extremes for the Annex 16 allowable test window.

Vi The 7 path length differences used in the line-of-sight blockage calculations are -1.2, 0, 1.2, 2.4, 3.6, 6.1, and 31 meters.
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Dec), depart with horizontal acceleration (Accel Hor), approach with horizontal deceleration (Decel Hor),
depart with climbing acceleration (Accel Clm), and approach with descending deceleration (Decel Dsc).
These adjustments are in decibels, and they are applied as straight additions to the existing NPD levels.
These offsets are applied to A-weighted, C-weighted and P-weighted NPDs at all distances. The
operational mode procedure step data substitutions, including the appropriate helicopter operational
mode adjustment, are presented in Table 2-4. While all standard AEDT helicopters have these six

parameters set to zero, user-defined helicopters may use these adjustments.

Table 2-4 Substitution Operational Mode Procedure Steps Data for Helicopters, including the
Appropriate Helicopter Operational Mode Adjustment

Missing Operational Mode Procedure

Available Operational Mode Procedure Step Data +

Step Data Helicopter Operational Mode Adjustment
Ground idle (G) Flight idle (H)
Flight idle (H) Ground idle (G)

Hover in ground effect (I)

Hover out of ground effect (J)

Hover out of ground effect (J)

Hover in ground effect (I)

Vertical ascent in ground effect (V)

Hover in ground effect (1) + Vert Asc Adjustment

Vertical ascent out of ground effect (W)

Hover out of ground effect (J) + Vert Asc Adjustment

Vertical descent in ground effect (Y)

Hover in ground effect (I) + Vert Des Adjustment

Vertical descent out of ground effect (Z)

Hover out of ground effect (J) + Vert Des Adjustment

Approach with horizontal deceleration (B)

Approach (A) + Decel Hor Adjustment

Approach with descending deceleration (C)

Approach (A) + Decel Des Adjustment

Depart with horizontal acceleration (E)

Departure (D) + Accel Hor Adjustment

Depart with climbing acceleration (F)

Departure (D) + Accel Clm Adjustment

Taxi at constant speed (T)

Flight idle (H), if it has wheels
Hover in ground effect (1), if it does not have wheels

2.2.1.5 Helicopter Speed Coefficients

AEDT does not account for noise changes due to helicopter speed in the same manner as it does for
fixed-wing aircraft. Since AEDT only has a single set of level flight NPDs for each helicopter that is
referenced to a single speed, the helicopter speed coefficients are used to adjust level flyover noise as a
function of helicopter forward speed, which causes a difference in rotor tip Mach number for the
advancing vs. receding blades. This speed adjustment, known as source noise adjustment due to
advancing tip Mach number, is only applied to level flight operations. Separate speed coefficients are
provided for the left, center and right NPDs, resulting in different source noise adjustments due to
advancing tip Mach number for each NPD. The source noise adjustment due to advancing tip Mach
number is described in more detail in Section 4.5.1.

2.2.1.6 Receptor Information

Information about receptor locations is required for noise computations. AEDT receptor locations are
expressed as either regularly spaced grids (rasters in GIS language), point or population centroids
(vectors in GIS language), or dynamic grids (a collection of raster blocks built up by the system). The
receptor locations for a regular grid are defined by the location of the lower-left corner of the grid
(latitude, longitude), the distance between grid points in the two directions (feet), the number of grid
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points in the two directions, and the angle that the grid is rotated relative to the x,y axes (degrees
counter-clockwise). Regular grids intended for rendering contours cannot be rotated.

A special case of a regular grid is the grid consisting of a single receptor, where the starting point for the
grid is given by the lower-left corner, the distance between grid points is zero, and the size of the grid is
one-by-one. These types of regular grids may be used to assess points of interest that are considered
sensitive.

In order to improve contour fidelity and resolution, INM implemented the recursive grid concept, where
the user defined the extent of a contour grid and tolerance parameters, which were then used by the
software to refine the grid point distribution of the contour grid in areas showing variation in noise
levels. Instead of using recursive grids, AEDT uses dynamic grids. The dynamic grid concept in AEDT is
also used to improve contour fidelity and resolution, but instead of using grid recursion (or subdivision),
the user defines a small starting grid and the grid point distribution is expanded until all of the contours
in a user-specified contour range are covered by the grid. There are two primary benefits to the dynamic
grid:

1. The user does not need to know the geographic extent of the region of interest. Instead, the
user only needs to know the minimum noise level of interest and AEDT will discover the
geographic extents needed for the receptor set to close that lowest contour level (and by
implication all higher noise level contours). The user may also limit the geographic area by
defining a boundary.

2. The resolution of the dynamic grid is variable over the receptor set. AEDT evaluates the
geographic variation of the noise level and where the noise level is changing spatially, the
system adds additional refinement to the dynamic grid by cutting the resolution of the grid in
that region by a factor of two, effectively quadrupling the number of receptors analogous to the
INM recursive grid. The benefit is more effective application of computational power on regions
that matter most.

The improvement over legacy tool dynamic grid implementations is that the receptor set can now grow
dynamically as necessary to close the contour of interest.

See Section 4.7 for additional information on specifying the initial parameters for a dynamic grid and the
AEDT process that then evaluates and stores the resulting receptor set.

2.2.1.7 Noise Metric Information

The noise-level and time-based metrics computed by AEDT are associated with three fundamental
Groups: A-weighted, C-weighted, and tone-corrected perceived noise metrics.

A-weighted noise metrics give less weighting to the low and high frequency portions of the spectrum,
providing a good approximation of the response of the human ear, and correlates well with an average
person’s judgment of the relative loudness of a noise event. C-weighted noise metrics are intended to
provide a means of simulating human perception of the loudness of sounds above 90 decibels, and is
more prominent at low frequencies than A-weighting. Tone-corrected perceived noise metrics are used
to estimate perceived noise from broadband sound sources, such as aircraft, which can have significant
tonal qualities.
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AEDT supports the noise metrics listed in Table 2-5, as well as the capability to create user-defined noise

metrics.
Table 2-5 Summary of AEDT Noise Metric Abbreviations and Definitions
Metric Type | AEDT Name | Standard Name | Definition/Full Name
A-Weighted Noise Metrics
SEL Lae A-Weighted Sound Exposure Level
DNL Ldn Day Night Average Sound Level
CNEL Lden Community Noise Equivalent Level
Exposure -
LAEQ Laeqr Equivalent Sound Level
LAEQD Lq Day-average noise level
LAEQN Ln Night-average noise level
Maximum Level LAMAX Lasmx A-Weighted Maximum Sound Level
Time-Above TALA TAA Time-Above A-Weighted Level
TAUD Taau Time-Audible
Time-Audible with Overlapping
TAUDSC Taudsc Events Method
. . (Statistical Compression)
Time-Audible TAUDP Thuce Time-Audible Percent
Time-Audible Percent with
TAUDPSC Taudpsc Overlapping Events Method
(Statistical Compression)
C-Weighted Noise Metrics
CEXP Lee C-Weighted Sound Exposure Level
Exposure CDNL Lo C-Weighted Day Night Average
Sound Level
Maximum Level LCMAX Lesmx C-Weighted Maximum Sound Level
Time-Above TALC TAc Time-Above C-Weighted Level
Tone-Corrected Perceived Noise Metrics
EPNL Lepn Effective Perceived Noise Level
NEF Lned Noise Exposure Forecast
Exposure - - -
Weighted Equivalent Continuous
WECPNL Lwecen . .
Perceived Noise Level
Maximum Level PNLTM Lonreims Tone-Corrected'Maximum Perceived
Noise Level
Time-Above TAPNL TApnL Time-Above Perceived Noise Level

Number Above Noise Level Metric

Number Above
Noise Level

NANL

NANL

Number Above Noise Level

All of the metrics in Table 2-5 are computed using the following four base noise level metrics:
A-weighted sound exposure level (SEL);
A-weighted maximum sound level (LAMAX);

Effective perceived noise level (EPNL); and
Tone-corrected maximum perceived noise level (PNLTM).

Lae
LASmx
Lepn
LpNTsmx
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Each NPD in the AEDT Fleet database has noise level data that correspond to one of these four base
metrics. In addition, A-weighted NPDs (Lar and Lasmx) and the corresponding spectral class data are used
to approximate the following C-weighted noise metrics to complement the AEDT Fleet database:
Lee C-weighted sound exposure level (CEXP); and
Lesmx C-weighted maximum sound level with slow-scale exponential weighting
characteristics (LCMAX).

The C-weighting approximation method is described in Section 4.2.1.2.

The base metrics are then used to compute three types of metrics in AEDT:
1. Exposure-based metrics, including change in exposure;
2. Maximum noise level metrics; and
3. Time-based metrics.

The exposure-based metrics represent the total sound exposure for a given time period, often 24 hours,
at a receptor location based upon average annual day conditions at an airport. AEDT base sound
exposure metrics are:

Lae A-weighted sound exposure level (SEL);
Lce C-weighted sound exposure level (CEXP); and
Lepn Effective tone-corrected perceived noise level (EPNL).

These base sound exposure metrics are used by AEDT to generate average noise metrics by applying
associated time-averaging constants and/or day, evening, and night-time weighting factors. AEDT
standard average-level metrics based on SEL are:

Ldn Day-night average noise level (DNL);

Lden Community noise equivalent level (CNEL);

Laeq24h 24-hour average noise level (LAEQ);

Lg 15-hour (0700-2200) day-average noise level (LAEQD); and
Ln 9-hour (2200-0700) night-average noise level (LAEQN).

AEDT standard average-level metrics based on CEXP are:
Lner Noise exposure forecast (NEF); and
Lwecen Weighted equivalent continuous perceived noise level (WECPNL).

The maximum noise level metrics represent the maximum noise level at a receptor location, taking into
account a particular set of aircraft operations. AEDT standard maximum noise level metrics are:

Lasmx Maximum A-weighted sound level with slow-scale exponential weighting
characteristics (LAMAX);

Lesmx Maximum C-weighted sound level with slow-scale exponential weighting
characteristics (LCMAX); and

LpnTsmx Maximum tone-corrected perceived noise level with slow-scale, exponential

weighting characteristics (PNLTM).

The time-based metrics represent the time (minutes) that the noise level is above a specified threshold,
taking into account aircraft operations for a particular time period (24 hours). In AEDT, time-based
metrics are derived from either exposure or maximum noise level metrics, or both. The derivation of the
time-above metrics is presented in Section 11.1.3. AEDT standard time-based metrics are:
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TA(A Time that the A-weighted noise level is above a user-defined sound level during
the time period (TALA);

TAc Time that the C-weighted noise level is above a user-defined sound level during
the time period (TALC); and

TApNL Time that the tone-corrected perceived noise level is above a user-defined noise

level during the time period (TAPNL).

A subset of the time-based metrics is time audible. Time audible (or audibility) is computed based on a
comparison of aircraft noise against ambient noise to determine the time duration (or percentage of
time duration) that the noise may be audible to a human observer. For these calculations, the observer
is assumed to have normal hearing and to be actively listening for aircraft noise. Time audible also takes
into account aircraft operations for a particular time period (e.g., 24 hours). The process is based on
detectability theory and is supplemented with research that has assessed human auditory detectability
in different environments. In order to represent these different environments, the time audible metrics
require highly detailed inputs, including FAA AEE-approved ambient noise files. More details on ambient
noise file requirements can be obtained by contacting FAA AEE (see Sections 2.2.3.6 and 2.2.3.7 for
more information).

Section 11.1.5 provides additional specifics on the theory and background of the time audible
computation. A detailed discussion of audibility calculations is also presented in the “Assessment of
Tools for Modeling Aircraft Noise in the National Parks”?°. AEDT standard time audible metrics are:

Taud Time that aircraft are audible given study specific ambient noise (TAUD);
and
Taudsc Time that aircraft are audible given study specific ambient noise with

simultaneously occurring aircraft events (overlapping events) are accounted for
with the statistical compression method (TAUDSC). See Section 4.6.5.4.1 for
description on the statistical compression method.

Time audible metrics may also be expressed as a percentage of time that aircraft are audible given study
specific ambient noise during the analysis time period.

In addition to the AEDT standard noise metrics, user-defined metrics are available. User-defined metrics
must be derived from the base noise metrics in AEDT. The methods for calculating these types of metrics
in AEDT are presented in Section 4.6. Number Above Noise Level can be computed from the base noise
metrics: SEL, LAMAX, LCMAX and CEXP. The method for calculating Number Above Noise Level is
presented in Section 4.6.

2.2.2 Summary of Input Data for Emissions Inventory Computation

This Section summarizes the input data necessary to compute an emissions inventory. AEDT provides
default values for critical emissions parameters (e.g. emissions index, fuel sulfur content, etc.), but they
can be overridden by the user. Default data values are either average values, typical values, or
conservative values — values chosen to avoid the underreporting of emissions. Overriding default data is
justified if the user possesses data that is more accurate than supplied default data.

An emissions inventory is an exhaustive list of the masses of various pollutants emitted within a given
geographic region and time period (typically, one year). Emission inventories may attempt to capture all
emissions across all source types and sectors or may be focused on specific sectors. For this document,
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the emissions inventories refer to aircraft and airport related emissions. Emissions inventories are
typically itemized by individual emissions sources and source activities and include the following
pollutants:

e Carbon Monoxide (CO),
e Hydrocarbons (HC),
e Non-Methane Hydrocarbons (NMHC),
Volatile Organic Compounds (VOC),
Total Organic Gases (TOG),
Oxides of Nitrogen (NOx),
Sulfur Oxides (SOx),
Coarse Particulate Matter with aerodynamic diameter of < 10 um (PMo),
Fine Particulate Matter with aerodynamic diameter of < 2.5 um (PMz5s),
Non-Volatile Particulate Matter (PMNV),
Volatile Sulfate Particulate Matter (PMSO),
Volatile Organic Particulate Matter (PMFO),
e Carbon Dioxide (CO,),
e Water (H,0), and
e Speciated Organic Gases (0G), such as
o Methane (CHa),
Formaldehyde,
Toluene,
Xylenes, and
Other potentially hazardous air pollutants of concern.

O
o
O
O

Fuel consumption is closely associated with emissions inventories; and therefore, is reported along with
pollutants.

To begin an emissions inventory, the user must first know the spatial and temporal scope of the
emissions to be included. For example, the spatial scope could be the airport fence line for ground-
based sources and the terminal control area for airborne aircraft. This is not to be confused with the
geographic scope of receptor locations which typically extends well beyond the emissions source
locations and into public, residential and other commercial areas in the vicinity. Moreover, the user
must specify a vertical limit called the atmospheric “mixing height” which bounds the spatial scope of
emissions sources vertically.

The temporal scope refers to a specific period of time covered by the inventory. This could be a
historical year (e.g., 2000), a future year, or another interval of time (e.g. a single month). Just as spatial
scope refers to a specific region of space, temporal scope refers to a specific period of time on a
calendar, as opposed to some generic day, week, or month.

Given a spatial and temporal scope, the user must know which pollutant emitting activities are to be
modeled for the emissions sources. AEDT emissions inventories are limited to the following types of

emissions sources:

e Ajrcraft Operations
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e Auxiliary Power Units (APU)
e Ground Support Equipment (GSE)
e Stationary Sources, such as
Boilers and Space Heater;
Emergency Generator;
Incinerator;
Aircraft Engine Testing;
Fuel Tank;
Surface Coating/Painting;
Deicing;
Solvent Degreaser;
Sand/Salt Pile;
Training Fire; and
“Other” stationary sources.
e Motor Vehicle Emission Simulator (MOVES) Emissions Inventory File (see Section 2.2.2.15) that
contains
o Roadway;
o Parking; or
o Construction.

O 0O O O O O O O 0 O O

Each following subsection describes the necessary input data for each of the emissions source types.

2.2.2.1 Aircraft Operations

As for emissions from aircraft operations, consider only pollutants emitted from an aircraft’s main
engine and exclude emissions from APUs which are typically found installed onboard aircraft. APUs are
modeled as separate type of emissions sources.

The following input data are required:
e Airport layout (for departures and arrivals, required for delay and sequencing modeling)
o Runway locations
o Gate locations
o Taxiway locations
o Taxipath definitions

e Ajrcraft operation schedule
Date and time

Operation type (e.g., departure, arrival, touch and go, etc.)
Airframe model

Engine model

Flight profile

Runway

Flight track

Gate (for departures and arrivals)

O 0O O O O O O ©O

e Meteorological conditions
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Mean sea level pressure
Temperature
Relative humidity

O O O O

Wind (speed and direction)

The meteorological parameter values should be applicable to the geography where the operation occurs
and should reflect the prevailing local ambient conditions when the operation occurs.

2.2.2.2 Auxiliary Power Unit (APU)

APUs are typically installed on sufficiently large commercial aircraft. An APU operation therefore only
occurs in conjunction with the operation of the aircraft on which the APU is installed.

Default emissions factor data are provided for system APUs. For user-defined APUs, the user can modify
the emission factors. Table 2-6 summarizes the input data for APUs.

Table 2-6 Input Data for APU

Parameter Name Units

Duration (operating time) Minutes

CO emission factor Kilograms per hour
THC emission factor Kilograms per hour
NOx emission factor Kilograms per hour
SOx emission factor Kilograms per hour
PM3o emission factor Kilograms per hour

In APU emissions, PM;s and PMygare considered to be equivalent.

2.2.2.3 Ground Support Equipment (GSE)
Ground Support Equipment (GSE) subcategories are determined by GSE type (e.g. air conditioner,
baggage tractor, etc.) and by fuel type.

GSE emissions can be modeled in two different ways:
e  “Aircraft-assigned GSE” which occurs in conjunction with the aircraft operation to which a GSE is
assigned; or
e Non-aircraft operation (“GSE population”) in which total annual GSE operation time is accounted
for, independent of aircraft operations.

Table 2-7 summarizes the input data for aircraft-assigned GSE. Default emission factor data are provided
for system GSE. For user-defined GSE, the user can modify emission factors. Note that deterioration is

not applied to user-defined GSE, and therefore manufacture year and age are not required.

Table 2-7 Input Data for Aircraft-Assigned GSE

Parameter Name Units
Duration (operating time) Minutes
Horsepower (power rating) Horsepower
Load factor Percent
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Parameter Name Units

Manufacture Year None

CO emission factor Grams per horsepower-hour
THC emission factor Grams per horsepower-hour
NOx emission factor Grams per horsepower-hour
SOx emission factor Grams per horsepower-hour
PM;o emission factor Grams per horsepower-hour

Table 2-8 summarizes the input data for GSE population. For a GSE population, the user provides the
annual operating time (in hours) and the number of GSE units (population size). Default values are
provided for horsepower and load factor. For user-defined GSE, the user can modify the emission
factors. Note that deterioration is not applied to user-created GSE, and therefore manufacture year and
age are not required.

Table 2-8 Input Data for GSE Population

Parameter Name Units

Operation count (operating time) | Hours per year

Operational profiles None

Number of units (population size) | Pieces of GSE

Horsepower (power rating) Horsepower

Load factor Percent

Manufacture Year None

CO emission factor Grams per horsepower-hour
THC emission factor Grams per horsepower-hour
NOx emission factor Grams per horsepower-hour
SOx emission factor Grams per horsepower-hour
PM;o emission factor Grams per horsepower-hour

2.2.2.4 Boilers and Space Heaters
Boilers and space heaters are stationary sources with a large variety of subcategories that are
determined by the combination of fuel type, technology, and/or application scale.

Fuel types include:
e Coal (such as Anthracite, Bituminous, Sub-bituminous, and Culm);
e Fuel oil (such as Distillate, Number 2, Number 4, Number 5, and Number 6);
e Natural gas; and
e Lliquefied petroleum gas (Butane and Propane).

Technology refers to boiler and space heater terms such as:
e Pre- or Post-New Source Performance Standards (NSPS);
e Dry bottom or wet bottom;
o Wall-fired, cell burner fired, or tangentially-fired;
e Cyclone furnace;
e Spreader stoker; and
e Reinjection.
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Application scales of operation include:

The user must determine which combination of these types most appropriately represent the boiler or
space heater being modeled. Operation unit is different depending on the type of boiler or space heater.

Over 100 million BTU per hour
Ten to 100 million BTU per hour
0.3 to 10 million BTU per hour
Residential

The following table summarizes the input data for boilers and space heaters.

Table 2-9 Input Data for Boilers and Space Heater

Parameter Name

Units

Operation count (number of units
consumed)

Units per year

Operational profiles

None

CO emission index

Kilograms per unit

THC, TNMOC, TOC, or VOC emission
index

Kilograms per unit

NOx emission index

Kilograms per unit

SOx emission index

Kilograms per unit,

Kilograms per unit-percent fuel sulfur content, or
Kilograms per unit-grains per 100 cubic feet of gas
vapor

PM1o emission index or indices

Kilograms per unit,

Kilograms per unit-percent fuel sulfur content, or
Kilograms per unit-percent fuel ash content.

For some subcategories, two emission indices are
required (one with units kilograms per unit, and one
with units kilograms per unit-percent fuel sulfur
content), and the results from each are summed.

Fuel sulfur content

Percent, or
Grains per 100 cubic feet of gas vapor

Fuel ash content Percent
Fuel calcium to sulfur ratio None
CO pollution control factor Percent
HC, TNMOC, TOC, or VOC pollution Percent
control factor

NOXx pollution control factor Percent
SOx pollution control factor Percent
PM;o pollution control factor Percent
PM; s to PMyp ratio None

3¢ Technical Manual
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2.2.2.5 Emergency Generator

Emergency generators are modeled via two distinct methodologies: The Environmental Protection
Agency (EPA) methodology and the United States Air Force (USAF) methodology. Each methodology has
different input data requirements.

Emergency generator subcategory is determined by the combination of methodology and fuel type. The
fuel types for emergency generators include:

e Gasoline;

e Diesel;

e Distillate fuel oil;

e Kerosene/naphtha (jet fuel);

e Natural gas;

e liquefied petroleum gas; and

e Residual and crude fuel oil.

Table 2-10 and Table 2-10 describe the input data for the EPA and USAF methodologies, respectively.

Table 2-10 Input Data for Emergency Generator (EPA Methodology)

Parameter Name Units

Operation count (time operated) | Hours per year

Operational profiles None

Power rating Horsepower

CO emission factor Grams per horsepower-hour
TOC emission factor Grams per horsepower-hour
NOx emission factor Grams per horsepower-hour
SOx emission factor Grams per horsepower-hour
PM1o emission factor Grams per horsepower-hour
CO pollution control factor Percent

TOC pollution control factor Percent

NOXx pollution control factor Percent

SOx pollution control factor Percent

PM3p pollution control factor Percent

PM; s to PMyg ratio None

Table 2-11 Input Data for Emergency Generators (USAF Methodology)

Parameter Name Units

Operation count (volume of fuel Kiloliters per year
used)

Operational profiles None

CO pollution control factor Percent

TOC pollution control factor Percent

NOx pollution control factor Percent

SOx pollution control factor Percent

PMy, pollution control factor Percent

CO emission index Kilograms per kiloliter
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Parameter Name

Units

TOC emission index

Kilograms per kiloliter

NOx emission index

Kilograms per kiloliter

SOx emission index

Kilograms per kiloliter-percent fuel sulfur

content

PM1o emission index

Kilograms per kiloliter

Fuel sulfur content

Percent

PM, s to PM1g ratio

None

2.2.2.6 Incinerator

For incinerators, the user must determine which type (i.e., multiple or single chamber) best represents
the incinerator being modeled. Table 2-12 summarizes the input data required for incinerators.

Table 2-12 Input Data for Incinerator

Parameter Name

Units

Operation count (mass consumed)

Metric tons per year

Operational profiles

None

CO emission index

Kilograms per metric ton

VOC emission index

Kilograms per metric ton

NOx emission index

Kilograms per metric ton

SOx emission index

Kilograms per metric ton

PM1o emission index

Kilograms per metric ton

CO pollution control factor

Percent

VOC pollution control factor Percent
NOXx pollution control factor Percent
SOx pollution control factor Percent
PM ;o pollution control factor Percent
PM; s to PMyp ratio None

2.2.2.7 Aircraft Engine Testing

Table 2-13 summarizes the input data required for aircraft engine testing emissions sources.

Table 2-13 Input Data for Aircraft Engine Testing

Parameter Name

Units

Operation count (hnumber of test
cycles)

Test cycles per year

Operational profiles

None

Aircraft engine model

None

Time at 7% power

Minutes per test cycle

Time at 30% power

Minutes per test cycle

Time at 85% power

Minutes per test cycle

Time at 100% power

Minutes per test cycle
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2.2.2.8 Fuel Tank
Table 2-14 summarizes the input data required for fuel tank emissions sources. Fuel tank subcategories
are determined by fuel type and tank type.

Table 2-14 Input Data for Fuel Tank

Parameter Name Units

Operation count (fuel throughput) | Kiloliters per year
Operational profiles None

Tank height (length, if horizontal) | Meters

Tank diameter Meters

Average liquid height Meters

Maximum liquid height Meters

Reid vapor pressure Pounds per square inch
Mean wind speed Meters per second

2.2.2.9 Surface Coating/Painting
Table 2-15 summarizes the input data required for surface coating/painting emissions sources. The
surface coating/painting subcategory is determined by the volatile solution.

Table 2-15 Input Data for Surface Coating/Painting

Parameter Name Units

Operation count (volume used) Kiloliters per year
Operational profiles None

VOC emission index Kilograms per kiloliter
Pollution control factor Percent

2.2.2.10 Deicing Area

Table 2-16 summarizes the input data required for deicing area emissions sources. Deicing area
subcategories are determined by the deicer chemical used (i.e., ethylene glycol or propylene glycol) and
the application (i.e., runway/taxiway surface deicing or aircraft deicing).

Table 2-16 Input Data for Deicing Area

Parameter Name Units

Operation count (volume used) Kiloliters per year
Operational profiles None

VOC emission index Kilograms per kiloliter
Deicing chemical density Grams per liter
Concentration by mass Percent
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2.2.2.11 Solvent Degreaser

Table 2-17 summarizes the input data required for solvent degreaser emissions sources. The solvent
degreaser subcategory is determined by the chemical used.

Table 2-17 Input Data for Solvent Degreaser

Parameter Name Units

Operation count (volume used) Kiloliters per year
Operational profiles None

Solution density Grams per liter
Percent of solvent disposed Percent

2.2.2.12 Sand/Salt Pile
Table 2-18 summarizes the input data required for sand/salt piles.

Table 2-18 Input Data for Sand/Salt Pile

Parameter Name Units

Operation count (mass throughput)

Metric tons per year

Operational profiles

None

Eroded surface area

Square meters

Mass disturbed per disturbance

Metric tons

Moisture content

Percent

Mean wind speed (at 10 meter height)

Meters per second

Fastest mile of wind (at 10 meter height)

Meters per second

Friction velocity

Meters per second

Surface roughness

Centimeters

Surface wind speed fraction

None

2.2.2.13 Training Fire

Table 2-19 summarizes the input data required for training fires. The training fire subcategory is

determined by fuel type.

Table 2-19 Input Data for Training Fire

Parameter Name Units
Operation count (volume of fuel used) Gallons per year
Operational profiles None

CO emission index

Kilograms per gallon

VOC emission index

Kilograms per gallon

NOx emission index

Kilograms per gallon

SOx emission index

Kilograms per gallon

PM1o emission index

Kilograms per gallon
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2.2.2.14 “Other” Stationary Sources
Table 2-20 summarizes the input data required for “Other” stationary sources.

Table 2-20 Input Data for “Other” Stationary Sources

Parameter Name Units

Operation count (number of units) Units per year
Operational profiles None

Operation unit Metric Tons, Kiloliters,

Thousands of Cubic Meters,
Hours, Test Cycles, Gallons, or
Minutes of operation

CO emission index Kilograms per unit
THC emission index Kilograms per unit
NOx emission index Kilograms per unit
SOx emission index Kilograms per unit
PMio emission index Kilograms per unit
PM2,5 to PMlo ratio None

CO pollution control factor Percent

THC pollution control factor Percent

NOXx pollution control factor Percent

SOx pollution control factor Percent

PM; pollution control factor Percent

2.2.2.15 MOVES Emissions Inventory File

Emissions inventory results from roadway, parking facility, and/or construction operations can be
calculated externally with the EPA MOVES software and integrated into the AEDT emissions report.
AEDT can import annualized MOVES results for roadway, parking facilities, and construction zone
categories — either at the category-level or at the link-level. Please refer to the “AEDT Supplemental
Manual: Using MOVES with AEDT” on the AEDT Support website for the MOVES file format that can
imported into AEDT.
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Weather Data for Aircraft Performance Modeling

This Section describes the weather data available for use in aircraft performance modeling in AEDT.
AEDT can use high fidelity weather, airport annual average weather, or ISA weather for performance

modeling used for noise and emissions modeling. Section 6.9 describes the use of weather for Emissions

Dispersion Modeling.

The weather data formats and sources supported for Aircraft Performance Modeling in AEDT are
described in the Table 2-21. There are additional formats and sources supported for Emissions
Dispersion Modeling which are described in the next section.

High fidelity weather data sources must be pre-processed to convert the raw data into a format that
AEDT can use. For RAP, GEOS, NCAR weather data types, use the WeatherDatalLoder.exe tool. For

MERRA-2 and WRF, use the NCAWXEditorWPF.exe. Please refer to “Using Weather Data in AEDT” on the

AEDT Support website, Downloads page for details on these tools.

Table 2-21 Weather Data Formats Supported

File Format

AEDT Use

Description Source

Rapid Refresh (RAP20/RAP13)
and Rapid Update Cycle
(RUC20/RUC13)

Aircraft Performance
Modeling

Earth System Research Laboratory (ESRL)
Rapid Update Cycle (RUC) ruc.noaa.gov

NCEP/NCAR (NCAR)

Aircraft Performance
Modeling

National Centers for Environmental
Prediction (NCEP) www.ncep.noaa.gov

GEOS

Aircraft Performance
Modeling

Goddard Earth Observing System Model
(GEOS-5) www.geos5.org

Modern-Era Retrospective
Analysis for Research and
Applications, version 2
(MERRA-2)

Aircraft Performance
Modeling

NASA Earthdata website
https://disc.gsfc.nasa.gov/uui/datasets?k
eywords=%22MERRA-2%22

Weather Research and
Forecasting (WRF)- Advanced
Research WRF (ARW)

Aircraft Performance
Modeling

https://www.mmm.ucar.edu/weather-
research-and-forecasting-model

National Climatic Data Center
(NCDC) Automated Surface
Observing System (ASOS),
Integrated Surface Hourly
Database (ISHD),

Integrated Global Radiosonde
Archive (IGRA),

Forecast Systems Laboratory
(FSL)

Emissions Dispersion
(and associated

Aircraft Performance
/Emissions Modeling)

National Climatic Data Center (NCDC)
weather station data collections of
surface weather and upper atmosphere
soundings.

http://rda.ucar.edu/datasets/ds463.3/
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https://www.ncdc.noaa.gov/data-
access/weather-balloon/integrated-
global-radiosonde-archive

http://esrl.noaa.gov/raobs/

https://www.ncdc.noaa.gov/isd

https://www.ncdc.noaa.gov/data-
access/land-based-station-data/land-
based-datasets/automated-surface-
observing-system-asos

Annual Average Weather Aircraft Performance | AEDT uses the airport annual average
and Acoustics weather from the AEDT Airport database
Modeling based on 10-year averages (2009-2018)
from the NOAA Global Summary of the
Day (GSOD).

https://www?7.ncdc.noaa.gov/CDO/cdosel
ect.cmd?datasetabbv=GSOD&countryabb
v=&georegionabbv=

International Standard Aircraft Performance | Suitable for lapsing a vertical weather
Atmosphere (ISA) Modeling profile from mean sea level (MSL) with
fixed temperature, pressure, and relative
humidity for the globe.

https://en.wikipedia.org/wiki/Internation
al Standard Atmosphere

2.2.3.1.1 Weather Data Interpolation

This Section describes the details of the interpolator currently implemented in the AEDT Weather
Module. The AEDT Weather Module accepts requests to evaluate four weather variables (temperature,
barometric pressure, humidity, and wind vector) at 4D locations (latitude, longitude, altitude, and time)
specified as input to the module. As listed in Table 2-22, AEDT supports a variety of weather data
sources.

The linear interpolation between two known points (x0, y0) and (x1, y1), the value (x, y) along the
straight line is given from the slope to be the same: (y — y0)/(x — x0) = (y1 — y0)/(x1 — x0). This equation is
valid whether x is between x0 and x1 or not. Thus it can be used for “extrapolation” for x being outside
of the region. When dealing with more than one spatial dimension, the extension is very simple and they
are called bilinear interpolation, trilinear interpolation, quad liner interpolation where the equation
becomes no longer linear in the spatial coordinate. However, this extension to more than one dimension
has the special property that the order of calculation does not matter (e.g., for bilinear interpolation,
you can start the interpolation along x first and then y second or y first and then x second). If polynomial
or spline interpolation is used, then this property no longer holds. AEDT uses the quad-linear (x-y grid x
height x time) interpolation or extrapolation. It is important to note that AEDT is using the simple linear
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form from one value to the next without any constraints. In the weather data, the weather variables
have physical constraints. For example, the relative humidity is between 0 and 100 %; and the
temperature in Kelvin unit should never become negative. These constraints could be violated when the
data is extrapolated too much.

For RUC/RAP, GEOS, and NCAR weather data types, the Weather Module processes available sources in
a prioritized cascade from highest fidelity to lower fidelity to find the first (highest) weather source that
covers the desired location. In addition, a control (i.e. weather fidelity) is available that limits the
starting (highest) fidelity source regardless of the full set of sources supplied in the study. This
control/limit mechanism is useful for testing and initial processing to evaluate computational
performance and environmental results with various controlled sources.

WRF and MERRA-2 high fidelity weather data are handled differently compared to RUC/RAP, GEQS, and
NCAR. The cascade of weather data sources method is not applied to WRF and MERRA-2. This means
that if there are no WRF/MERRA-2 data available at the requested location and time, the affected
aircraft operation will fail and an error will be logged. AEDT does not substitute missing WRF/MERRA-2
data with average annual airport weather.

Except a few special exceptions, the Weather Module linearly interpolates the provided weather data
sources at the input location. An instance of the Weather Module is created by the system when a
metric result is run. This weather module instance is initialized with the available weather sources (Table
2-22) specified (and provided) by the analyst in the study configuration. For RUC/RAP, GEOS, and NCAR
weather data types, the weather data is prioritized in order of highest fidelity first.

The Weather Module instance is then available to the system to accept weather data retrieval requests
on demand and evaluates those request at the given location (position and time). The following logical
sequence is used to evaluate the weather variables at the desired location during the Weather Data
Retrieval process (Section 2.2.3.1.3).

The procedure of obtaining a weather at particular latitude and longitude with an altitude at a particular
time is done in the following way:

1. The bounding times are calculated for the weather data source that bound (just before and just
after) the desired time, since the weather data has only limited hours data per day.

2. The 2D bounding indices in the projection x/y or lat/lon are calculated for the weather data source
that bound the desired x/y or lat/lon coordinates.

3. Weather variables for the full “column” of x/y/time indices are retrieved from the weather source.
That is, the weather variables from all layers in the vertical dimension at four 2D grid bounding
points at bounding time are retrieved. The full set of vertical layers is necessary to resolve the
geographic altitude. Usually, layers are a pressure layer where all grid points on this layer has the
same pressure level (an exception is WRF where grid points on the layer do not have the same
pressure). Note that the grid points on this layer will have different the geopotential height.

4. For weather data sources that reside in pressure altitude coordinates, the geopotential height is
used to calculate a bounding geographic altitude for the layer. The two layers between the desired
geographic height are then applied to select weather variables at the 16 data points (two
bounding coordinates for each of latitude, longitude, geographic altitude, and time) to be used in
the linear interpolation.
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e Aslight complication may arise in this step. Altitude-bounded selected layers on four grid
points may not belong to the same upper and lower layer at four points, since the
geopotential height on grid points are usually all different. When the different layers at each
point are mixed for interpolation, it may introduce a huge discontinuity compared to the
weather from the previous flight point. In order to avoid this issue, a voting method based on
how many grid points have the same upper and lower layers is used. That is, if three grid
points use the same layers, then the fourth grid point is made to also use the same layers to
obtain the “interpolated” weather data. If there is a tie (i.e. two grid points use the same
upper and lower layers), then the lower layers are used; however, this is a very rare case.

5. All weather variables at the sixteen data point locations are then used to linearly interpolate the
weather data variables at the desired lat/lon/alt/time location.

e Aslight complication may occur because the height requested could be lower than the grid
points of the lowest layer. A voting method is applied to handle this issue. If the geopotential
heights of three grid points of the lowest layer are below the requested height or no surface
data is available, then the lowest layer and the layer above are used to do mixed
“interpolate/extrapolate” operation.

6. If the separate surface layer is available (MERRA-2 or WRF), then the “interpolation” of the lowest
layer and the surface layer grids are used. Unfortunately MERRA-2 3d and 2d weather have
different resolution (every three hours for 3d and every hour for 2d). In this case, the interpolated
hourly lowest layer weather data for 3d combined with the 2d hourly surface weather data are
produced in order to do the “interpolation”.

e Again a slight complication can occur if the height requested is below the geopotential height
of the surface grid points. A voting method is applied again. If three “surface” grid points are
below the requested height, then do the “interpolation” of the lowest layer and the surface
layer. If not (i.e. more than two surface grid points are below the requested height), then pick
the nearest neighbor grid point for the weather value.

2.2.3.1.2 Weather Cache Processing

Weather Cache Processing for RUC/RAP, GEOS, and NCAR

The RUC/RAP, GEOS, and NCAR weather data types are gridded sources stored in externally defined
formats. For memory limitation and computational efficiency, data from these weather sources that lies
within the high-fidelity weather boundary (see Section 2.2.3.3) are loaded into the weather cache
before AEDT metric results are run to generate results.

There are two main areas of weather cache processing for RUC/RAP, GEOS, and NCAR: the preloading of
the weather cache (Weather Cache Loader); and the retrieval of weather from the cache (Weather
Cache Populator).

The Weather Cache Loader performs the following steps:
1. Abounding polygon (high-fidelity weather boundary) is defined in the Weather Module
2. The data grid points from the weather source for all available time that fall within the bounding
polygon are loaded into memory. Locations submitted in requests to the Weather Module can
then be quickly evaluated.

The Weather Cache Populator performs the following steps:
1. The list of existing dates in the weather source are used to initialize the list of dates currently in
the cache
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2. The type of each weather source is recorded and stored in the prioritized cache list
3. For each weather data type, the following steps are performed:
a. A weather cache list for that type is initialized.
The list of applicable files are gathered from the directories.
For each file, a weather reader is instantiated based on the weather data type.
For each time slice the start time is calculated to be used as a time index in the cache.
The set of requested dates for the cache is updated to include any new dates.
All weather data located within the bounding polygon for the cached dates.

mooo0o

Weather Cache Processing for MERRA-2 and WRF

For MERRA-2 and WRF, the NetCDF4 functionality of cache mechanism is used. The cache parameters
are set in the AEDT application configuration file (AEDT.exe.config) in the last part of <appSettings>
section. Users can experiment with changing these values for performance improvement.

<!-- MERRA2 cache configuration -->

<add key="cacheSizeInMB" value="350"/>
<add key="cacheNelemInMB" value="1"/>
<add key="cachePreemption" value="0.75"/>

For MERRA-2 and WRF, a high-fidelity weather boundary is not needed.

AEDT can process WRF data in Lambert Conformal Conic (LCC) Projection. While MERRA-2 covers the
entire earth, the NCAWXEditorWPF.exe tool can be used to limit the region. If an aircraft operation goes
outside of the weather boundary (outside of the LCC boundary for WRF or user selected region in
MERRA-2), the null is returned for weather value and the affected flight will fail.

2.2.3.1.3 Weather Data Retrieval for RUC/RAP, GEOS, and NCAR

For the RUC/RAP, GEOS, and NCAR weather data types, the retrieval of weather data follows a logical
cascade through the available weather sources (default, system, and user) in order of fidelity, highest to
lowest. Note that the user can override available weather by setting a weather fidelity limit flag (e.g. if a
high fidelity weather source such as NCAR has been provided but the user wishes to limit the weather
fidelity). The following steps are performed to retrieve weather data in this method.

1. If the location is null or the weather fidelity limit is set to ISA-only, ISA weather is returned.
2. An attempt is made to retrieve weather from the list of supplied data sources.
a. Firstis a high fidelity weather call to the Weather Module is made which performs the following
steps:
i. The weather cache manager is used to retrieve the weather cache.
ii. The list of available weather data types in the cache are looped through from highest to
lowest fidelity.
iii. If a source is found, weather data variables are linearly interpolated from the cached
values to the desired location/time.
iv. The interpolated weather variables (temperature, pressure, relative humidity, wind
vector) are returned.
b. If the high fidelity request did not succeed (lack of data or coverage) the annual average
weather associated with the Weather Data instance is returned along with a check for user
defined mixing height.
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2.2.3.2 Terrain Data

2.2.3.2.1 Terrain for Emissions Modeling
When running an emissions metric result, AEDT will use regulatory terrain (assumed perfectly flat) by
default. The AEDT Emissions Dispersion Module (EDM) does not currently handle terrain.

2.2.3.2.2 Terrain for Noise Modeling

Varying terrain can greatly affect noise propagation. The terrain feature in AEDT allows for terrain
elevation data of the modeling area to be included internally for noise computations. When terrain data
are not included, AEDT assumes flat ground at a user-specified receptor elevation. Terrain elevation data
are accepted in the following formats: National Elevation Dataset (NED) GridFloat, and Digital Elevation
Model (DEM) for noise considerations.

Terrain data are only supported if they are in one of the following projections: NAD83 or WGS84. If the
terrain data are not in one of the supported projections, AEDT will produce an error message. Multiple
resolutions of data are available among the different formats, and multiple files may be required to
cover a desired geographical area. 3CD terrain elevations are a regular grid given in meters, three arc-
seconds apart. A single 3CD file covers one degree in latitude by one degree in longitude (1201 x 1201
points).

NED GridFloat data are available in many resolutions, but 1/3 arc-second resolution is recommended
because these data are available across the entire United States, whereas other resolutions are not. The
area covered by a single file can vary. The spacing between points is dependent on location. For
example, the three arc-second spacing in the Boston area is approximately 224 feet in the x (east-west)
direction by 304 feet in the y (north-south) direction, while the three arc-second spacing in the San
Francisco area is approximately 241 feet by 303 feet. NED GridFloat data are available from the United
States Geological Survey (USGS) website.

USGS stopped offering DEM data as of November 14, 2006, however AEDT supports the DEM format as
a convenience. Information about DEM data is available from the USGS website.

AEDT processes terrain data with the GlobalMapper software" using a nearest neighbor interpolation to
evaluate elevations at any given point covered by a given dataset.

2.2.3.3 High-Fidelity Weather Boundary

A high-fidelity weather boundary is defined as a polygon, with each vertex consisting of a latitude and
longitude pair.

When using the RUC/RAP, GEOS, or NCAR high fidelity weather data, a rectangular boundary is required
and is used to limit the area that will be processed with high fidelity weather data.

A boundary is not required for using the MERRA-2 or WRF weather.

Vil Eor more details on GlobalMapper, see http://www.bluemarblegeo.com/products/global-mapper.php.
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2.2.3.4 Demographics

U.S. Census data are required to generate the population exposure report. For information on
downloading 2010 U.S. Census data, see “Using US Census Bureau Data in AEDT” on the AEDT Support
website, Downloads page.

2.2.3.5 Ambient Concentrations for Air Quality Analysis

Ambient concentrations for the various pollutants are the measurement of the pollution in the
atmosphere. This is typically the concentration of the pollutant after it has been emitted from a source
and mixing has occurred in the atmosphere. For airport studies, the three key source categories are
emissions from airport activities, emissions from other anthropogenic sources (either nearby or from
long-range transport), and natural sources. During airport evaluations, ambient, or local concentrations,
are determined by either local monitoring or modeling and are directly comparable to the National
Ambient Air Quality Standards (NAAQS). When monitoring data are used, specific for the airport, all
three source categories are included and the measured values represent a total ambient concentration.
AEDT models airport activities and as such the other two source categories must be added to determine
the total ambient concentration. The concentration added from the non-airport source categories is
usually referred to as the background concentration.

The primary source of background concentration data is from State and Local Ambient Monitoring
Stations (SLAMS), but it can also be available from local and state control agencies. The EPA AirData
website at https://www.epa.gov/outdoor-air-quality-data, also provides background concentration data
from outdoor monitors across the U.S. in multiple formats.

If specific airport measurement data are available, it is most often documented and available from the
local airport authority. To completely characterize an airport, especially large airports, measurements
must be extensively quality controlled (both spatially and temporally). The EPA provides guidance
information at https://www.epa.gov/amtic. Monitoring to determine local ambient concentration is
often cost prohibitive and not routinely done in the U.S.; therefore modeling is primarily used to
determine ambient concentration.

The National Ambient Air Quality Standards (NAAQS) should be reviewed before selecting the format
and appropriate data for any pollutant.

2.2.3.6 Ambient Background Noise Data for Noise Analyses

Time-based noise metrics in AEDT require either an ambient threshold or ambient noise files depending
on the noise metrics selected. All of these files include geospatial ambient noise data corresponding to a
specific study area (and may also reflect specific study or operational conditions). There are two
ambient noise file specifications. Both are grids of noise index values, the analogy in digital imagery
being a bit map. The difference between the two specifications is the range of the “bit map” or noise
index map. One is two digit indices which yields lower noise fidelity, i.e. fewer noise levels. The otheris a
three digit index yielding higher noise fidelity.

Time Above metrics (TALA, TAPNL, and TALC) can utilize either a 2 or 3 digit ambient grid file. Time
Audible metrics require a 3 digit ambient grid file and an ambient spectral map file, which correlates
unique spectra to each ambient sound level specified in the ambient grid file. The first file is the 3 digit
ambient grid file, a text grid file that assigns a number, often representing the A-weighted ambient
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sound level, to study area grid points. The second file is the ambient spectral map file, which correlates
unique spectra to the ambient sound levels specified in the ambient grid file.

2.2.3.7 Application of Ambient Background Noise Data for Time Audible Metrics
Users needing access to Time Audible (TAUD) metrics are required to submit their ambient data to FAA
in accordance with the procedures detailed in the AEDT User Manual. FAA will perform a consistency
check on the data and provide a study-specific key to unlock the TAUD functionality in AEDT for each
approved ambient data set/study combination submitted. Users are advised to first contact the FAA
Office of Environment and Energy for guidance on the applicability of a TAUD analysis to specific
aviation proposals. Given:

a. the anticipated process for collecting ambient data;

b. the sensitivity of TAUD to ambient data; and

c. the need for consistency between input files,
the FAA will provide a key file that enables the TAUD functionality in AEDT on a per-study basis for use in
Federal projects.
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3. Aircraft Performance

AEDT calculates aircraft performance information (such as flight path, thrust levels, and fuel burn) for
terminal-area and runway-to-runway operations. These calculations employ performance models to
approximate the state of an aircraft through each full air operation. The calculated performance serves
as the primary input to noise and emissions calculations.

3.1 Trajectories

AEDT calculates a complete four-dimensional representation (x, y, z, time) of each segment of the flight
path as well as thrust, fuel burn, and emissions mode values. Since the variation of an aircraft’s position
is included, this progression of aircraft states is called a trajectory.

3.1.1 Properties

A trajectory is approximated by a set of segments. Each segment is associated with one initial and one
final instantaneous aircraft state, along with a description of aircraft performance between those states.
Given two adjacent segments, the final state of the first segment is equivalent to the initial state of the
second segment. Each segment also includes some “nominal” properties, which constitute appropriate
descriptions of the overall performance of the segment as a whole (or its surrounding environment).

Table 3-1 Properties and Units of Instantaneous States

Property Units
Cumulative horizontal distance m
Time yr, mo, day, hr, min, s
Altitude with respect to the associated field
elevation m
Altitude with respect to mean sea level m
Groundspeed m/s
Corrected net thrust per engine N
Mass kg
Noise thrust N, %, other (see Section 3.6.2.1)
Projected unit vector (dimensionless) (see Section 3.9.1.5)
Bank angle (for fixed-wing; positive in a left turn) degrees
Heading (true from north) degrees
Latitude degrees
Longitude degrees
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Table 3-2 Properties and Units of Segments

Property Units
Horizontal length of segment m
Change in noise thrust per engine N, %, other (see Section 3.6.2.1)
Change in speed m/s
Fuel flow rate per engine kg/s
Amount of fuel burned (all engines) kg
Duration s
Total length of segment m

Noise operation mode or helicopter mode

(dimensionless, see Section 2.2.1.1)

Trajectory mode

(dimensionless, see Section 5.1)

Nominal Mach number

(dimensionless, see Section 3.9.1.7.1.7)

Nominal dew point temperature K
Nominal pressure N/m/m
Nominal relative humidity %
Nominal temperature K
Nominal wind direction degrees
Nominal wind speed m/s
Nominal Mixing height m

Nominal Pressure ratio

(dimensionless, see Section 1.4)

Nominal Temperature ratio

(dimensionless, see Section 1.4)

Note that when the computed value of noise thrust is negative, performance analysis sets it to a value of
1 pound-force.

3.1.2 Targets

Performance in AEDT can be driven by a target flight profile or a target trajectory. Both methods require
ground track specification, but the target states provided by profiles are not associated with any specific
distances along the track, whereas target trajectories associate desired altitudes and speeds with the
surface coordinates along the track.

Profile-driven flight performance is described in Sections 3.6 and 3.7. Trajectory-driven flight
performance is described in Section 3.9.

3.2 Performance Model

The performance model in AEDT is primarily based on recommendations from three aircraft flight
performance specifications. The first is presented in European Civil Aviation Conference (ECAC) Doc 29%°
(Doc 29), and since it is largely based on Society of Automotive Engineers (SAE) Aerospace Information
Report (AIR) No. 18455 (SAE-AIR-1845), it is referred to herein as SAE-AIR-1845/Doc 29*. This
specification is intended for use only within the terminal area. Note that AEDT also uses the Senzig-
Fleming-lovinelli (SFI) fuel burn model*®!’ in the terminal-area when the proper coefficients are
available.

X ]CAO Doc 9911 and ECAC Doc 29 have equivalent content. The “ANP and BADA 3” performance option in AEDT are compliant
with SAE-AIR-1845, ECAC Doc 29, and ICAO Doc 9911.
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The second specification used for performance calculations is presented in EUROCONTROL’s User
Manual for BADA family 3 (BADA 3)8. BADA 3 flight dynamics equations and modeling coefficients are
defined for all phases of flight, but within AEDT, they are primarily used for modeling the en-route
phase. Note that BADA 3 includes a fuel burn model, which is used for terminal area modeling when
coefficients for the SFI fuel burn model are not available, and for en-route modeling regardless of
coefficient availability.

The third specification used for performance calculations is presented in EUROCONTROL's BADA Family
4 (BADA 4)Error! Bookmarknot defined. 'Compared to BADA 3, BADA 4 contains both higher fidelity data for
existing flight regions and new data and methods for operations in the terminal and en-route regions.
These data expansions allow BADA 4 to be used for all flight regions. Note that BADA 4 does not contain
data and methods for modeling aircraft operations on the ground, so AEDT uses SAE-AIR-1845/Doc 29
analysis for the takeoff and landing ground rolls. A detailed description of the analysis of terminal area
procedures using BADA 4 data is given in Section 3.7, and additional background information on the
BADA 4 model is given in Section 12 Appendix — BADA 4 Model.

Each performance specification maintains a core set of features including standard flight procedures.
Each supplies an atmospheric model, equations that model the physics of flight, calculations of
aerodynamic quantities for standard flap configurations, and thrust as a function of state for standard
power settings. Furthermore, each specification has an associated database that includes modeling
coefficients by aircraft for these calculations. The BADA 3/BADA 4 specifications are associated with
their respective databases, while the SAE-AIR-1845/Doc 29 specification is associated with the Aircraft
Noise and Performance (ANP) database.

Data from the BADA 3, BADA 4, and ANP databases are stored in the AEDT Fleet database and contain
modeling data for a limited set of equipment combinations (airframe, engine model, and engine
modifications). For some equipment combinations that lack modeling data, alternative modeling
combinations are provided that will approximate the combination. When modeling an aircraft in AEDT,
it is possible for the BADA 3, BADA 4, and ANP equipment combinations to be different. Each
combination approximates the AEDT aircraft to the extent of the available data.

In this manual, discussions of analysis according to a particular model generally implies that the analysis
is performed using the equations from that model. For example, the term "BADA 4 analysis" refers to
using primarily the equations set forth in the BADA 4 performance specification (and BADA 4 data) to
compute flight performance. When an equation presented in this manual is reproduced from a
performance specification, the equation's source is indicated.

When using SAE-AIR-1845/Doc 29 and BADA 3 analysis for an operation in which aircraft altitude spans
both terminal-area and en-route ranges, the model used for flight mechanics switches between SAE-AIR-
1845/Doc 29 and BADA 3. In AEDT, this leads to portions of flights where BADA 3 flight mechanics are
used with aircraft that are not on the BADA 3 speed schedule (because of the need to speed up from, or
slow down to, the flight procedure speed schedule). These portions of flights are often described as
“ANP-BADA 3 transitions”. These are discussed in further detail in Section 3.9.1.7.2 and Section
3.9.1.7.3.2. When using BADA 4 analysis for an operation in which aircraft altitude spans both terminal-
area and en-route ranges, the model used for flight mechanics is BADA 4.
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3.3 Weather Model

The variation of atmospheric conditions and wind over a given domain in space and time constitutes a
weather field. Although the SAE-AIR-1845/Doc 29 performance model specifies the ISA for its weather
model, AEDT uses a model that allows for customization of weather conditions based on high-fidelity or
airport-specific average weather data.

Weather Model for RUC/RAP, GEOS, and NCAR

For RUC/RAP, GEOS, and NCAR weather data types, AEDT assigns an order of precedence to the types of
weather data it supports, so that when a weather value is required at a given location and time, the data
are taken from the highest-ranked sources that encompass the coordinate. Where these domains
overlap, the weather field is a cascade of sources of weather data that the user makes available in
formats as described in Section 2.2.3.1. For more information regarding meteorological data processing
associated with air quality dispersion modeling, please refer to section 6.9.

The hierarchy of weather data sources is traversed for every required location and time. When a
location and time is specified, AEDT first checks whether or not there are RUC13/RAP13 data* available
at the requested location and time. If there are, then the weather at that location and time is taken
from that dataset. If not, then it goes through the same process for RUC20/RAP20 data. The cycle
continues for GEOS data, then NCAR data, and finally for the Airport database. If no data are available
for the given location and time from any of these sources, ISA weather is used. This cascade of weather
data sources is illustrated in Figure 3-1.

> i | RUC13/RAP13 | Rapid Update Cycle 13/Rapid Refresh 13 |
2 | [RUC20/RAP20 | Rapid Update Cycle 20/Rapid Refresh 20 | Higher
=7 Priority
S | GEOS | NASA Goddard Earth Observing System |
2

L | NCAR | National Center for Atmospheric Research |

_ Lower
§ | Airport | Lapsed from average at nearest airport | Priority
N
S | ISA | International Standard Atmosphere |

Figure 3-1 Cascade of Weather Data Sources

Weather Model for MERRA-2 and WRF

WRF and MERRA-2 high fidelity weather data are handled differently compared to RUC/RAP, GEQOS, and
NCAR. The cascade of weather data sources method is not applied to WRF and MERRA-2. This means
that if there are no WRF/MERRA-2 data available at the requested location and time, the affected
aircraft operation will fail and an error will be logged. AEDT does not substitute missing WRF/MERRA-2
data with average annual airport weather.

* RAP data is the next-generation version of the RUC and officially replaced RUC in May 2012.
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For MERRA-2, the grid resolution is based on 0.5 degrees in latitude and 0.625 degrees in longitude. This
corresponds to around 50 km x 50 km. GEOS is 0.5 degrees in latitude and 2/3 = 0.66... degrees in
longitude. Thus MERRA-2 is close to GEOS resolution.

AEDT can process WRF data in Lambert Conformal Conic (LCC) Projection. For WRF, 12 km or 36 km grid
resolution is common.

3.3.1 ISA Weather Model

3.3.1.1 Pressure Altitude

Pressure altitude is defined as the MSL altitude in an ISA at which a given pressure or pressure ratio
occurs. AEDT calculates pressure altitude, hp, for a given pressure ratio, §, by the equation:

T 1
hp = (M) : (1 - 6_5.256) Eq. 3-1
Aisa
where
hp Pressure altitude (ft);
Tsi, ISA sea-level temperature 518.67 °R;
Arsa ISA temperature lapse rate 0.003566 °R/ft; and
6 Pressure ratio at aircraft altitude (dimensionless).

3.3.1.2 Temperature Deviation from ISA

Temperature deviation from ISA is defined as the difference between the actual temperature at a given
location and time and the temperature in the ISA.

AT (x,y,z,t) =T(x,y,z,t) — Tisa(2) Eq. 3-2
where
AT (x,y,z,t) Temperature deviation from ISA as a function of location and time (K);
T(x,y,z1t) Temperature as a function of location and time (K); and
Tisa(2) ISA temperatures as a function of altitude (K).

Temperature deviation from ISA is used in calculations discussed in Section 3.9.1.7.1.

3.3.2 Airport Average Atmospheric Models

3.3.2.1 AEDT Thermodynamic Profiles

Reference values for thermodynamic properties (temperature and pressure) internally calculated by
AEDT are given at specified altitudes, and atmospheric profiles are constructed to fit those datain a
physically realistic manner, similar to the manner in which the ISA was derived. These quantities are a
function of altitude. In AEDT, the reference temperatures and pressures are 10-year annual average
values (2009-2018) associated with an airport relevant to the flight. There is no variation with respect to
surface coordinate or time.
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Temperature, T (°R), at a given altitude, h (with respect to mean sea-level), is calculated by the
equation:

T = Tairport — Ausa (h - hairport) Eq. 3-3
where
hairpore Airport elevation above MSL (ft);
h Altitude above MSL (ft);
Tairpore Airport temperature (°R); and
Arsa ISA temperature lapse rate 0.003566 °R/ft.

Pressure, P (inches Hg), is calculated by the equation:

1 5.256
Pg, \>2%¢  «a Eq. 3-4
P =Py, (P_> T h a
SLisa SLisa
where
Pg;. Sea-level pressure associated with the airport (inches Hg);

PSLISA ISA sea-level pressure 29.92 inches Hg; and
Ts,s, 1SA sea-level temperature 518.67 °R.

3.3.2.2 Omnidirectional Wind

In the airport-average atmospheric model of AEDT, wind has a constant speed and varies such that it is
always directed against the course of an aircraft (always a headwind). This value of headwind applies
throughout the flight, without regard to altitude, latitude, longitude, time, or direction of travel. AEDT
uses an average headwind value associated with the nearest airport, and scales it by a multiplier
associated with the runway end corresponding to the operation. This scaling allows different headwinds
to be associated with different runway ends.

3.3.3 High-Fidelity Weather Model

AEDT supports a high-fidelity model of weather that allows variation of all atmospheric properties
(temperature, pressure, wind magnitude and direction, density, dew point, and relative humidity) along
all three spatial dimensions, as well as in time. This is done by reading and linearly interpolating
(sometimes extrapolating) weather data defined on 4-D grids. These grids are supplied by the user as
files from sources described in Section 2.2.3.1. The data are defined on grids that are regularly spaced in
time and along geographic coordinate systems (latitude/longitude or projection, depending on the
data), but irregularly spaced along the vertical direction.

3.4 Fuel Consumption Models

For fixed-wing aircraft, AEDT calculates the fuel consumed over each flight path segment by one of two
methods. The first method, available in either the terminal or the en-route areas, calculates the fuel
consumption for each flight segment in accordance with Section 3.9 of the BADA 3 User Manual®® (see
Section 3.4.1). The second method, available only in the terminal area, calculates the fuel consumption
for each segment in accordance with the Senzig-Fleming-lovinelli (SFI) method (see Section 3.4.2). Above
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the terminal area, AEDT uses the BADA 3 method. A third method is used for fixed-wing aircraft which
do not have thrust data in their performance calculations; for these aircraft AEDT uses Boeing Fuel Flow
Method 2 (BFFM2 — Section 5.1.1.1) to determine fuel flow. The majority of aircraft using AEDT’s
implementation of the BFFM2 method are military airframes, however civil aircraft which do not use
thrust as a parameter in their profile definitions also utilize this method to calculate fuel flow.

The BADA 4 fuel consumption model is described in Section 12.3.2.2 Fuel Consumption Model.

For helicopters, AEDT calculates the fuel consumed over each flight path segment using a time-in-mode
fuel consumption method (see Section 3.4.4). AEDT uses the same method in the terminal and en-route
areas.

Note that all of these methods specify the fuel flow rate. For the SFl and BFFM2 methods, AEDT
calculates the amount of fuel consumed in a segment by multiplying the fuel flow rate per engine by the
segment duration and the aircraft’'s number of engines. For the BADA 3 method, AEDT calculates the
amount of fuel consumed in a segment by multiplying the fuel flow rate for all engines by the segment
duration.

3.4.1 Fixed-Wing BADA 3 Fuel Consumption

The BADA 3 fuel consumption model provides expressions for the nominal fuel flow rate. These
expressions depend on the engine type (turbofan, turboprop, or piston), the aircraft’s phase of flight
(e.g. en-route climb, en-route descent, or cruise), and the engine’s operating condition (e.g. nominal or
idle thrust).

3.4.1.1 Fixed-Wing BADA 3 Fuel Consumption - Turbofan engines
The nominal total rate of fuel flow f,,,, (kg/min) for an aircraft, which is applicable for all situations

where the aircraft is neither in the cruise phase of flight nor operating at an idle thrust setting, is given
by:

Vr
from = (1 + C_> Cle Eqg. 3-5
f2
where
Vr Aircraft true airspeed (speed in the air mass frame of reference) (kt);
Cf1 Aircraft-specific 1st thrust specific fuel consumption coefficient (kg/min/kN);
sz Aircraft-specific 2nd thrust specific fuel consumption coefficient (kt); and
F Aircraft total net thrust from its engines (kN).

The BADA 3 total fuel flow rate f;,,;,, (kg/min) for a turbofan aircraft in an idle state is given by:

h
fmin = <1 - C_> Cf3 Eqg. 3-6
fa
where
h Altitude above MSL (ft);
Cf3 Aircraft-specific 1st descent fuel flow coefficient (kg/min); and
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Cf4 Aircraft-specific 2nd descent fuel flow coefficient (ft).

3.4.1.2 Fixed-Wing BADA 3 Fuel Consumption - Turboprop engines

The nominal total rate of fuel flow f,,,,, (kg/min) for a turboprop aircraft, which is applicable for all
situations where the aircraft is neither in the cruise phase of flight nor operating at an idle thrust setting,
is given by:

C
from = <1 - %) 1’();60 VrF Eq. 3-7
where
Vr Aircraft true airspeed (speed in the air mass frame of reference) (kt);
Cfl Aircraft-specific 1st thrust specific fuel consumption coefficient (kg/min/kN/kt);
sz Aircraft-specific 2nd thrust specific fuel consumption coefficient (kt); and
F Aircraft total net thrust from its engines (kN).

The BADA 3 total fuel flow rate f;,,;,, (kg/min) for a turboprop aircraft in an idle state is given by:

h
fmin = <1 - C_> Cf3 Eq 3-8
fa
where
h Altitude above MSL (ft);
Cf3 Aircraft-specific 1st descent fuel flow coefficient (kg/min); and
Cf4 Aircraft-specific 2nd descent fuel flow coefficient (ft).

3.4.1.3 Fixed-Wing BADA 3 Fuel Consumption - Piston engines

The nominal total rate of fuel flow f;,,,, (kg/min) for a piston-engine aircraft, which is applicable for all
situations where the aircraft is neither in the cruise phase of flight nor operating at an idle thrust setting,
is given by:

from = Cf1 Eq. 3-9

where
Cfl Aircraft-specific fuel flow coefficient (kg/min).

The BADA 3 total fuel flow rate f;,,;;, (kg/min) for an aircraft in an idle state is given by:
fmin = Gy, Eq. 3-10

where
Cf3 Aircraft-specific descent fuel flow coefficient (kg/min).
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3.4.1.4 Fixed-Wing BADA 3 Fuel Consumption - Cruise State

The BADA 3 total fuel flow rate f-g (kg/min) for a fixed-wing aircraft in a cruise state is calculated by
scaling the nominal flow rate:

fer = CfCanom Eqg. 3-11
where
CfCR Aircraft-specific cruise fuel flow correction coefficient (dimensionless); and
from Nominal total rate of fuel flow (kg/min).

The cruise state is defined slightly differently in each of the trajectory modes (Section 3.1). In the Official
Airline Guide (OAG) trajectory mode, AEDT defines the cruise state as all segments between Top of the
Climb (TOC, where the aircraft first ends the initial en-route climb from the departure airport) and the
Top of Descent (TOD, where the aircraft first begins the en-route descent to the arrival airport). In the
radar and sensor path modes, AEDT defines the cruise state as any segment which has a climb or
descent rate less than the threshold rate of 20 feet per minute. In the ANP extension mode, AEDT
applies the cruise correction to those level segments which extend the trajectory to the boundary of the
study area.

3.4.2 Fixed-Wing Senzig-Fleming-lovinelli Fuel Consumption - Turbofan engine

In the SFI method?’, the terminal area thrust specific fuel consumption method for the operational type
(departures or arrivals) is used. The SFI methods are only used for turbofan engines in the terminal area.

3.4.2.1 SFI Fuel Consumption - Turbofan engine, departure
For the SFI method, fuel flow rate per engine during departure fndep (kg/min/eng) is calculated as:

Frgep = (K1 + KoM + Kshysy + Ko Fy / 5)VOE, Eq. 3-12
where
K, Aircraft-specific terminal-area departure TSFC constant coefficient (kg/min/kN),
K, Aircraft-specific terminal-area departure TSFC Mach coefficient (kg/min/kN),
K, Aircraft-specific terminal-area departure TSFC altitude coefficient (kg/min/kN/foot),
K, Aircraft-specific terminal-area departure TSFC thrust coefficient (kg/min/kN/Ib);

hyst Aircraft altitude (ft, MSL);

Aircraft Mach number (dimensionless);

Ratio of temperature at aircraft altitude to sea level ISA temperature (dimensionless);
/6  Aircraft corrected net thrust per engine (Ibf); and

Aircraft net thrust per engine (kN).

15X

3.4.2.2 SFI Fuel Consumption - Turbofan engine, arrival
For the SFI method, fuel flow rate per engine during arrival f;, ... (kg/min/eng) is calculated as:

BaFn/8

fagrr = (0{ + M + Bze_( Fno ))\/EFn Eqg. 3-13
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where
a Aircraft-specific terminal-area arrival TSFC constant coefficient (kg/min/kN);
B1 Aircraft-specific terminal-area arrival TSFC Mach coefficient (kg/min/kN);
B Aircraft-specific terminal-area arrival TSFC thrust coefficient (kg/min/kN);
B Aircraft-specific terminal-area arrival TSFC thrust ratio coefficient (dimensionless);

M Aircraft Mach number (dimensionless);

6 Ratio of temperature at aircraft altitude to sea level ISA temperature (dimensionless);
F, /&  Aircraft corrected net thrust per engine (lbf);

F, Aircraft net thrust per engine (kN); and

F, ISA sea-level static thrust (Ibf).

3.4.3 BFFM2 Fixed-Wing Fuel Consumption

AEDT uses Boeing Fuel Flow Method 2 (BFFM2) when other sources for fuel consumption data are not
available, e.g. the required SFl or BADA 3 data don’t exist for the particular aircraft, or thrust is not a
parameter in the aircraft’s performance profile. The BFFM2 method is:

B B RW;6
f ™ p38g0.2Mm2 Eg. 3-14
where
Wi Fuel flow at non-reference conditions (kg/s);
Bm Modal-specific adjustment factors (dimensionless);

RWs Fuel flow at reference conditions (kg/s);

M Mach number (dimensionless);

0 Static Temperature ratio (ambient to sea level standard - dimensionless); and
) Static Pressure ratio (ambient to sea level standard- dimensionless).

The fuel flow at reference conditions used in the BFFM2 are the fuel flow data found in the ICAO
emissions databasefror! Bookmark not defined. ‘Nt that these are per engine fuel flows, not per aircraft. The
modal-specific adjustment factors are listed in Table 5-1 below; these factors account for the effect of
the operation of the aircraft’s Environmental Control System (ECS) on the engine’s compressor bleed air
flow. These ECS adjustments are required since the fuel flow measurements for certification in the ICAO
emission database are conducted without the compressor bleed air flow which drives the ECS.

As with the SFI methods, the total BFFM2 fuel consumption for a particular segment is the product of
the fuel flow per engine during that segment, the segment’s duration, and the number of engines on the
aircraft.

3.4.4 Helicopter Fuel Consumption

AEDT uses a helicopter’s engine-specific fuel flow rate that corresponds to the “climbout” ICAO
operation mode (85% of maximum power). Because the helicopter terminal area profile calculations are
modal rather than force-based, and unlike predictions for fixed-wing aircraft, the dynamic helicopter
weight that results from decrementing the weight by the amount of fuel consumed over each flight path
segment does not impact the calculated flight path or other performance parameters.
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3.5 Ground Track

Ground tracks determine the lateral component of the path followed by an aircraft. They are ultimately
represented by an ordered series of 2-D surface locations.

Surface locations can be expressed as either geographic coordinates or projected coordinates.
Geographic coordinates are latitude and longitude values. Projected coordinates are Euclidean x and y
values, representing displacement to the east and north, respectively, from a single centering
geographic coordinate (the origin of the projected coordinate system). AEDT uses the conic projection
approximation described in Section 14 Appendix — Map Projection Method to model the relationship
between the geographic and projected representation of a point. Except where otherwise stated, AEDT
performance calculations take place in the projected coordinate space (in place of any geographic
coordinates encountered, projected counterparts are created and used). Note that projected geometric
distortions grow as horizontal distance from the projection origin increases, so ground track content far
from the associated airport, as might be defined for a regional study, is modeled with reduced accuracy.

3.5.1 Ground Track Definition and Computation
A ground track in AEDT is defined in one of two ways:
1. “Pointwise” tracks; defined as an ordered set of geographic surface coordinates; or
2. “Vector” tracks; defined as an ordered set of vectoring commands (for example, fly straight 5.5
nmi, turn left 90 degrees at a radius of 2.0 nmi).

In either case, a ground track definition also includes:
e Type of air operation supported by the track
e The projection origin:

o The associated airport reference point serves as the projection origin for most operation
types (airport definitions in AEDT include the nominal location of the airport).

o Overflight tracks are an exception, since they are not associated with an airport; in this
case, the first track point serves as the projection origin (note that overflight tracks must
be pointwise; vector overflight tracks are not supported by AEDT).

e |f the supported operation type is not overflight, the associated runway’s:
o Geometry (location of the physical runway ends), and
o Displaced threshold distance from runway end
o “Delta distance” by which to adjust certain track points that would typically coincide with the
displaced threshold

AEDT combines all of the information from the track definition to compute a sequence of projected
lateral coordinates along which performance results are constrained.

Certain points in computed AEDT tracks play special roles in supporting the trackwise alignment of flight
profiles. These points, called “track anchors,” are constructed by the system. A track’s anchor can
establish the point along the track where a profile begins, the point along the track where a profile in
descent reaches the approach threshold crossing height, or both. These profile features are usually
aligned to the runway’s end or runways displaced thresholds location, and track anchors are nominally
located at those thresholds, but with adjustments made according to the track’s delta distance. More
detailed information about how anchors are located for each track type follow below. More detailed
information about how profiles are aligned to tracks according to anchors can be found in 3.6.2.1.
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The following discussion outlines how AEDT computes tracks based on track definitions. Illustrations to
support this discussion have the following common features:

e Circles represent track points, either directly from the track definition or generated by AEDT.

e Solid circles/arrows represent points/vectors from the track definitions.

e Dashed circles/arrows represent points/segments created by the system.

e D; labels the i"" point/vector in the track definition.

e nisthe number of points/vectors in the track definition.

e Aisthe track’s “delta distance” specified by the user to adjust the runway’s standard displaced

threshold distance.

The relationship between defined and computed pointwise departure track points is illustrated in Figure
3-2. The first two points in the definition are meant to overlap the two runway ends (though, as shown,
they need not necessarily do so), followed by any number of additional track points. The first point in
the track definition is ignored by the track computation. Instead, the first point of the computed track is
the anchor point constructed by AEDT on the runway, a distance A from the departure threshold
location. This is followed by computed copies of the remaining defined track points (except for the first
one). The last computed track point is computed by AEDT to be 100 nmi beyond the final defined point,
along the heading between the final two defined points.

Takeoff point First defined
. (replaces D) /E)oint (ignored)

. \ |e A 9| OD1

Figure 3-2 Track Computation — Pointwise Departure Track

The relationship between defined vector commands and computed vector departure track points is
illustrated in Figure 3-3. The commands are meant to direct the track to proceed straight along the
runway, followed by user-defined vectoring instructions. The first point of the computed track overlaps
the departure threshold, with an offset of A. Additional points are then computed reflecting the
sequence of vectoring commands. The last computed track point is computed by AEDT to be 100 nmi
beyond the final point generated from vector commands, along the heading between the final two
points generated from vector commands.
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Figure 3-3 Track Computation — Vector Departure Track

The relationship between defined and computed pointwise approach track points is illustrated in Figure
3-4. The definition begins with any number of track points, with the final point intended to overlap the
first runway end (though, as shown, it need not necessarily do so). The first computed track point is
computed by AEDT to precede the first defined point by 100 nmi, along the heading between the first
two defined points. This is followed by computed copies of all defined track points, except for the last
one. The last point in the track definition is ignored by the track computation. Instead, the next point in
the computed track is the anchor point constructed by AEDT on the runway, a distance A from the
approach threshold location. The last track point computed by AEDT is beyond the approach threshold
by the length of the runway, along the heading of the runway.

R
D Cy

100nmi A

! Last defined Crossing point
@\ point (ignored) D, (replacean)

Figure 3-4 Track Computation — Pointwise Approach Track

The relationship between defined vector commands and computed vector approach track points is
illustrated in Figure 3-5. The commands are meant to direct the track along user-defined vectoring
instructions, followed by a straight approach that ends at the approach threshold. The first computed
track point is computed by AEDT to precede the beginning of the first vectoring command by 100 nmi,
along the heading between the first two points computed for that command. Additional points are then
computed reflecting the sequence of vectoring commands, with the track point corresponding to the
end of the final command overlapping the approach threshold. The last track point is computed by AEDT
to be beyond the approach threshold by the length of the runway, along the heading of the runway.
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Figure 3-5 Track Computation — Vector Approach Track

The relationship between defined and computed pointwise overflight tracks is illustrated in Figure 3-6.
The computed track begins with points at all locations from the track definition. The last point of the
computed track is 100 nmi beyond the final defined point, along the direction of the final two defined
points.

Figure 3-6 Track Computation — Pointwise Overflight Track

The relationship between defined and computed pointwise circuit/touch-and-go tracks is illustrated in
Figure 3-7. The first two points in the definition are meant to overlap the two runway ends (though, as
shown, they need not necessarily do so), followed by any number of additional points over which the
aircraft is meant to pass, with the final defined point overlapping the first. The first point in the track
definition is ignored by the track computation. Instead, the first point of the computed track is the
anchor point constructed by AEDT on the runway, at a distance A further along than the approach
threshold. This anchor is where the profile will reach the approach threshold crossing height, and where
a circuit profile will begin takeoff ground roll. This is followed by points at all locations from the track
definition, except for the first and last. The last point in the track definition is ignored by the track
computation. Instead, the last point of the computed track overlaps the anchor point.
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Figure 3-7 Track Computation — Pointwise Circuit/TGO Track

The relationship between defined and computed vector circuit/touch-and-go tracks is illustrated in
Figure 3-8. The commands are meant to proceed straight along the runway, followed by arbitrary
vectoring behavior that ends at the beginning of the first command. The first point of the computed
track overlaps the approach threshold. This is followed by additional points reflecting the behavior
indicated by the defined sequence of vectoring commands, ending at the approach threshold.

Figure 3-8 Track Computation — Vector Circuit/TGO Track

3.5.2 Points from Vectors

AEDT transforms the vectoring commands into a set of projected coordinates. To transform vectors into
points, AEDT approximates turning segments by multiple straight segments, ensures that tracks line up
with runways as appropriate, adds leader lines to approach tracks, and adds follower lines to departure
tracks.

When processing an approach vector track, there is no information available a priori about the track’s
initial location or direction, so AEDT starts the track at the origin and heads north. After all of the x,y
points are calculated, the entire set of track points is rotated and translated such that the segment
corresponding to the final (straight) vector command is parallel to the runway and ends at the displaced
approach threshold point along the runway.

When processing a departure vector track, AEDT makes the first track point coincide with the displaced
takeoff threshold point on the runway.
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AEDT approximates circular-arc portions of ground tracks with one or more pairs of straight line
segments™. First, the number of sub-arcs, ng,;, to be used to span the total turning angle ¢ (radians) of
the arc is computed:

—'t(1+f 180) Eq. 3-15
nsub =1n 40 T °
where the function int(x) returns the integer part of x.
Next, the angular extent, A¢ (radians), of each sub-arc is computed:
A¢ = d Eg. 3-16
Nsub

Each sub-arc is approximated by two straight line segments, bound by three surface coordinates. The
first surface coordinate is at the start of the sub-arc, and the third point is at the end of the sub-arc. The
second point is half-way along the angular extent of the sub-arc, with its distance from the center of the
sub-arc, r, (m), given by:

r, =71 -|cos (A—S) + (A—€>2 — sin? (A—E> Eq. 3-17

where
T Radius of the arc (m).

This method ensures that a line segment replaces not more than 20° of turn angle. Also, the sum of the
lengths of the line segments equals the distance along the arc so that the flying time along the line
segments is the same as the time that would be flown along the circular arc.

3.5.3 Radius of Curvature
The turning radius of an aircraft’s ground track is an important consideration in accounting for aircraft
banking. For vector tracks, there is no need to calculate the turning radius, since the radius is explicitly
defined for each turning portion, and implicitly infinite for each straight portion. For pointwise tracks,
the turning radius must be approximated from surface coordinate data. This objective is met through a
three-step process:

1. Track point coordinates are interpolated at a regular spacing.

2. Turning radius is calculated from the interpolated points.

3. Turning radius values are interpolated back to the original points.

In the first step, each track is interpolated at 0.5 nautical mile intervals with cubic splines. A cubic spline
is analogous to stretching a flexible piece of plastic so that it contacts all the track points. The
interpolated track is smooth and continuous in the first derivative, and continuous in the second
derivative, which eliminates sharp corners in the flight track that would be impossible for an aircraft to
follow. Curvature derivatives are undefined at the track endpoints, so the second derivatives are set to
zero, which is called the “natural” endpoint condition.
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The next step is to calculate turning radius at each point by considering three consecutive track points at
a time. The turning radius is equal to the radius of a circle passing through the three points. The circle
radius » (m) is calculated as follows:

r= Eg. 3-18
4-K
where
a, b, c Distances between three consecutive points in the track (m); and
K Area of a triangle formed by the points (m?).

The calculated radius is assigned to the middle point, and the process is repeated for each set of three
consecutive track points. The first and last points have an undefined radius, so the radius at these points
is set to infinity (as though the track were straight).

3.6 SAE-AIR-1845/Doc 29 Analysis of Profile-Driven Flight Performance

A flight profile describes the movement of an aircraft in terms of aircraft state characteristics (e.g.
altitude, speed, flap setting, and thrust) as a function of horizontal distance over the ground (and in
some cases for helicopters, time). A flight profile does not contain information about the lateral path an
aircraft follows over the ground.

AEDT can compute flight performance for a profile-driven operation according to the SAE-AIR-1845/Doc
29 model or the BADA 4 model, depending on user inputs. BADA 4 analysis of profile-driven flight
performance is discussed in Section 3.7. When SAE-AIR-1845/Doc 29 analysis is used for profile-driven
performance, AEDT calculates the profile as described in Section 3.6.2, with the weather model localized
in the manner presented in Section 3.6.1.

3.6.1 Local Weather

For each step calculated in a procedure, weather conditions are taken to have no lateral or temporal
variation. That is, atmospheric profiles at the most recently calculated surface coordinate and time are
assumed to remain constant throughout the step. The term atmospheric profiles refers to the variation
of local weather with altitude.

3.6.2 Airplane Profile Calculation

Airplane profiles describe how the state of an airplane changes as the flight progresses. When a flight
profile is comprised of procedure steps, AEDT processes the steps one at a time to calculate profile
points, ultimately expressing the steps in the same format as in Section 3.6.2.7. Otherwise, the profile is
already expressed in this form directly as fixed points.

Sections 3.6.2.1 through 3.6.2.6 discuss aspects of the AEDT profile treatment that are independent of
component type. Section 3.6.2.7 then details how each specific type of profile component is processed
to determine segment end-point values of altitude, speed, noise thrust, and corrected net thrust.

3.6.2.1 Temporal and Trackwise Alignment

Since the duration and horizontal length of some procedure steps may change with local weather
variation, the length of a flight profile depends on the time and location (distance along the computed
track) where the profile begins. Since airplane profiles are calculated in forward order with respect to
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horizontal distance, and flight time is calculated along the flight path from the speed and track data, the
profiles’ initial time and trackwise distance are necessarily determined iteratively, as is the length of the
“fit-to-track” segments in circuit and touch-and-go profiles. The first guess of initial trackwise distance is
always zero (the beginning of the calculated ground track), while the first guess of initial time is set to
whichever reference time is appropriate to the operation type (departure off-time for departures and
circuits, arrival on-time otherwise). After the profile is calculated from these settings, improved guesses
are formulated based on the amount by which the respective temporal and spatial targets were missed.
This is repeated until the profile is aligned with its temporal and trackwise anchors. If alignment is not
sufficiently achieved within 500 iterations, AEDT logs a message to the user indicating the amounts by
which the anchors were missed for the flight.

The process of aligning a departure procedure in time and along the track is illustrated in Figure 3-8.
Initial distance along the track is known to be zero, so no trackwise iteration is required. Initial time is
iteratively adjusted until takeoff ground roll in the calculated profile ends at “departure off-time”.

track =

\ d0=tgrThresh=0 \
l/ t0 \ ’ offTime \I

time | 1

Figure 3-8 Track Alignment — Departure Procedure

The process of aligning an approach procedure in time and along the track is illustrated in Figure 3-9.
Initial distance along the track is iteratively adjusted until the calculated profile reaches the threshold
crossing height at the known track coordinate of the approach threshold. Initial time is iteratively
adjusted until the landing ground roll in the calculated profile begins at “arrival on-time”.

L 1 1
track | 1 1

‘/ t0 m onTime \l

time 1 1

Figure 3-9 Track Alignment — Approach Procedure

The process of aligning an overflight procedure in time and along the track is illustrated in Figure 3-10.
Initial distance along the track is known to be zero, so no trackwise iteration is required. Likewise, initial
time is known to be “arrival on-time”, so no temporal iteration is required.

Page 68



Aviation Environmental Design Tool 3¢ Technical Manual

track =

\ do=0 |

t0O=onTime \

time |

Figure 3-10 Track Alignment — Overflight Procedure

The process of aligning a touch-and-go procedure in time and along the track is illustrated in Figure 3-11.
Initial distance along the track is iteratively adjusted until the calculated profile reaches the threshold
crossing height at the known track coordinate of the approach threshold, which is zero or any multiple
of the track length (since the track loops on itself). Initial time is iteratively adjusted until the landing
ground roll in the calculated profile begins at “arrival on-time”. After the initial time and trackwise
distance have been resolved, the length of the “fit-to-track” step is iteratively adjusted until the end of
that step in the computed profile is beyond the initial track coordinate by the track’s length.

—

track

time

Figure 3-11 Track Alignment — TGO Procedure
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The process of aligning a circuit procedure in time and along the track is illustrated in Figure 3-12. Initial
distance along the track is known to be zero, so no trackwise iteration is required. Initial time is
iteratively adjusted until takeoff ground roll in the calculated profile ends at “departure off-time”. After
the initial time has been resolved, the length of the “fit-to-track” step is iteratively adjusted until the
calculated profile reaches the threshold crossing height at the known track coordinate of the approach
threshold, which is at the full track’s length from the beginning.

track

|
I
ﬁd0=appThresh:\

Figure 3-12 Track Alignment — Circuit Procedure

3.6.2.2 SAE-AIR-1845/Doc 29 Thrust Computations

Thrust figures prominently in the force balances used in SAE-AIR-1845/Doc 29 analysis of procedural
flight profiles. It is also the primary basis for the determination of noise levels in AEDT. In some contexts,
such as the SAE-AIR-1845/Doc 29 performance specification or normalized plots in engine performance
literature, thrust is expressed as the corrected net thrust per engine, which is the net thrust scaled by
the local atmospheric pressure ratio. For certain profile components, the thrust may be specified as an
input. This may take the form of a specific value or a thrust rating. There are also circumstances in which
thrust is unknown and therefore calculated through an equation that models flight mechanics, such as
the minimum (engine-out) force balance. Specific value, thrust rating, and minimum engine-out thrust
(based on force balance) are described below.

Noise thrust indicates the value of an airplane’s power setting (the ‘Power’ in the Noise-Power-Distance
data sets). Each aircraft is associated with empirical datasets that model the aircraft’s noise as a function
of its noise thrust. Noise thrust is defined as the net corrected thrust when appropriate performance
data are available. When appropriate performance data are not available (i.e., net corrected thrust is
not directly calculated), the noise thrust can be defined as a percentage of the aircraft static thrust
(where aircraft static thrust is in units of Newtons). If performance data or static thrust data are not
available¥, noise thrust values can be taken from engine parameters and provided directly as inputs to
the performance calculations; no physics-based performance modeling is done. The units of these
inputs, described as “other”, are assumed to match the units used for the noise datasets.

3.6.2.2.1 Thrust Value

When thrust is provided as a specific value, the value indicates the magnitude of corrected net thrust
per engine. For procedure steps, the given thrust is taken to apply throughout the entire step for the
purpose of performance modeling. The specific value option is available for takeoff ground roll,
constant-CAS climb, or accelerating climb steps, as well as for fixed profile points. It is also available as a
percentage for braking ground roll.

xi Performance or static thrust data may be unavailable for some military and general aviation aircraft.
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3.6.2.2.2 Thrust Rating

When thrust is provided as a rating, the corrected net thrust per engine is calculated using a set of
parameters from the ANP database. Ratings indicate a standard power level for the aircraft, such as
maximum takeoff, reduced climb, idle, etc. Each rating that is defined for an aircraft has its own set of
thrust parameter values. The parameter sets and thrust calculations used for aircraft modeled as jets are
substantially different from those used for aircraft modeled as propeller-driven. The thrust rating option
is available for takeoff ground roll, constant-CAS climb, and accelerating climb steps.

3.6.2.2.2.1 Jet Rated Thrust

AEDT calculates jet aircraft corrected net thrust per engine by using a modified version of SAE-AIR-
18455 equation (Al):

%=E+F-v+GA-h+GB-h2+H-TC Eqg. 3-19
where
%" Corrected net thrust per engine (Ibf);
v Equivalent/calibrated airspeed (kt);
h Pressure altitude (ft) MSL;
Tc Temperature (°C) at the aircraft; and

E,F,Gy4,Gg, H Regression coefficients that depend on power state (max-takeoff or max-climb
power) and temperature state (below or above engine breakpoint temperature)
(Ibf, Ibf/kt, Ibf/ft, Ibf/ft?, Ibf/°C, respectively).

AEDT models a jet engine by using sets of coefficients that are tailored for specific profile steps, such as
takeoff, climb or idle steps. Many aircraft have two sets of coefficients for max-takeoff power and two
sets for max-climb power. For a given power state, AEDT models the effect of jet engine breakpoint
temperature by using coefficients (E, F, Ga, Gg, H)iow for ambient temperatures below the breakpoint
temperature and coefficients (E, F, Ga, Gg, H)high above breakpoint. AEDT calculates both (Fn/6)iow and
(Fn/8)nigh and then uses the smaller of the two values as the corrected net thrust for a given power state.

If the high-temperature coefficients do not exist in the database, AEDT calculates high-temperature
corrected net thrust by the equation:

(Fn) _E Bt Ho T )1—0.003-TF e 2
5 nigh = Iow -V low tow " 'BC) 0 003 - Typ g.3-20
where

(%")high High-temperature corrected net thrust (Ibf);

Eiow, Fiow, Hiow Regression coefficients for the low-temperature equation (Ibf, Ibf/kt, Ibf/°C,
respectively);

v Calibrated airspeed (kt);

Tr Temperature (°F) at the aircraft;

Tgc Breakpoint temperature, Tgc = 30°C; and
Tsr Breakpoint temperature, Ter = 86°F.
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3.6.2.2.2.2 Propeller Rated Thrust

AEDT calculates propeller-driven aircraft corrected net thrust per engine by using SAE-AIR-1845%
equation (A4):

325.87 -7 - P
Fy

' Ur Eq. 3-21
5 5
where
325.87 Unit conversion: horsepower/kt to Ibf;
n Propeller efficiency, which depends on the power state (dimensionless);
P Net power per engine (horsepower, MSL standard day), which depends on the power
state (max-takeoff or max-climb);
vr True airspeed (kt); and
o) Pressure ratio at aircraft altitude (dimensionless).

3.6.2.2.3 Minimum Engine-Out
The only force-balance based thrust level that can be specified as an input to AEDT performance
calculations is the minimum engine-out thrust. This thrust is calculated by:

G
; -1
(w) . sin (tan m) LR
2 K s Eq. 3-22
Fy
5 N-1
where
w Departure profile weight (Ibf);
o, Pressure ratio at altitude A, (dimensionless);
G Engine-out percentage climb gradient from FAR Part 2522 (dimensionless):

G = 0 for aircraft with Automatic Thrust Restoration Systems;
G = 1.2 for 2-engine aircraft;
G = 1.5 for 3-engine aircraft; or
G = 1.7 for 4-engine aircraft.
K Speed-dependent constant (dimensionless):
K =1.01 when climb speed < 200 kts; or
K =0.95 otherwise.
This constant accounts for the effects on climb gradient of climbing into an 8-knot
headwind and the acceleration inherent in climbing at constant calibrated airspeed (true
speed increases as air density diminishes with height);
Ry Drag-over-lift coefficient that depends on the flaps setting (dimensionless); and
N Number of engines (N>1) (dimensionless).

This option is available for constant-CAS climb or accelerating climb. Note that this method will
underpredict the actual thrust required, since the Rfvalue used is for a standard, all-engines operating
flight condition — an engine out condition will have significantly more drag than an all-engines operating
condition.
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3.6.2.3 Data Development for SAE-AIR-1845/Doc 29 Reduced Thrust

3.6.2.3.1 Introduction

Prior versions of the FAA’s environmental models, including legacy models and previous versions of
AEDT, provided the user with default standard departure procedures. To be adequately conservative,
these default procedures included engine thrust settings corresponding to the maximum available
takeoff and climb thrusts. However, studies*! have shown that in practice, aircraft operators will use
reduced thrust departure procedures where possible in efforts reduce airframes and engine wear. The
amount of thrust reduction applied is at the pilot’s discretion and can be based on the methods of an
assumed temperature or a balanced field length. Implementing these methods to calculate the exact
amount of thrust reduction is currently outside of AEDT’s the scope; so instead a set of user selectable
reduced thrust procedures is provided. These reduced thrust procedures are provided for most of the
modern (noise stage 3 and higher) turbojet aircraft in the AEDT FLEET database. Turboprop and piston-
engine airplanes are not affected, nor are helicopters.

3.6.2.3.2 Development

AEDT provides the user with the option of 5%, 10%, or 15% reduced thrust departure profiles based on
standard procedures. The traditional (standard, ICAOA and ICAOB) procedures using full rated thrust (no
thrust reduction) are still available. In addition, the procedures associated with the reduced thrust
method have been modified to use an energy share as opposed to fixed rates of climb. These changes
and the method of thrust modeling at high temperature with reduced thrust are discussed below.

3.6.2.3.2.1 Thrust Coefficient Changes

The reduced engine thrust is implemented via a straight-forward multiplication of the existing engine
thrust coefficient by the complement of the thrust reduction percentage. The thrust coefficients Cpy that
need to be modified include E, F, GA, GB, and H defined in Eq. 3-19. So the reduced thrust coefficient set
can be found using the equation below:

Crr = Kreducea " Crun Eq. 3-23

Where the reduction coefficient, k,.4uceq is specified as follows:

1.00 Full Thrust
_ ) 095 5% reduced thrust )
Kreducea = 0.90 10% reduced thrust Eq. 3-24

0.85 15% reduced thrust

Xi Airport Cooperative Research Program, Estimating Takeoff Thrust Settings for Airport Emissions Inventories,
https://trid.trb.org/view.aspx?id=1349049, April 4, 2015.
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During the development of the reduced thrust method, it was noted that, in practice, aircraft operators
do not necessarily use the same thrust reduction for takeoff and climb power. Often, climb thrust
reduction is less than the takeoff thrust reduction. For this reason, the climb thrust reduction is not
selected directly by the user, but is a function of the takeoff thrust reduction which is selected by the
user. The thrust reduction schedule is given below in Table 3-3.

Table 3-3 Thrust Reduction Schedule

Procedure Thrust Reduction Takeoff Thrust Reduction Climb Thrust Reduction
O% [0) (o)
(standard default procedures) 0% 0%
5% 5% 0%
10% 10% 10%
15% 15% 10%

In addition, new thrust types are created for each reduced thrust reduction setting in order for AEDT to
work with them. Table 3-4 lists the new thrust types for low and high temperature conditions.

Table 3-4 Thrust Types for Reduced Thrust Setting

Thrust Type Description
MaxClimbReducelOHiTemp
MaxClimbReducel0
MaxTakeoffReduce05HiTemp
MaxTakeoffReduce05
MaxTakeoffReducel0HiTemp
MaxTakeoffReducel0
MaxTakeoffReducel5HiTemp
MaxTakeoffReducel5

N|(<|X|S|[m|m|Oo|>

3.6.2.3.2.2 Procedure Changes

In addition to the changes to the thrust coefficients, the procedural profiles for the associated aircraft
also need to be changed. In general, the procedures provided by the aircraft manufacturers include
steps where the aircraft is both accelerating while climbing (Section 3.6.2.7.4). The climb rate during
these acceleration steps is usually a fixed number — this is the climb rate for the aircraft at the given
procedure weight at sea level ISA conditions at full rated thrust. If the aircraft is using reduced thrust,
the full thrust climb rate is no longer correct. For this reason, the reduced thrust procedures
acceleration steps have been changed from using fixed climb rates to using an energy share method
(Section 3.6.2.7.5), which require the use of procedural profiles ™. During the development of the
reduced thrust methods, the existing acceleration steps were used to find the appropriate energy share
parameter which would provide the same sea level, ISA climb rates.

xit Ajircraft with only fixed point profiles cannot be modeled using reduced thrust and alternative weights at this time.
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3.6.2.3.2.3 High Temperature

The reduced thrust methods are only applied to the flat-rated part of the engine thrust; the high
temperature coefficients are not modified. The lower of the reduced thrust and the high temperature
thrust is used as the resulting thrust, as discussed in Section 3.6.2.2.1.

An example of the relationship between the flat-rated, reduced, and high temperature engine thrusts is
given in Figure 3-9 below. This example engine has a break point temperature of 28C. At temperatures
below 50C, the engine is still capable of operating at thrusts greater than the 15% reduced level used in
this example, so the reduced thrust rating is still used. Above 50C, the engine is no longer capable of
generating 85% (15% reduced thrust) of the rated takeoff power, and so the high temperature curve is
used to represent the available power of the engine.

31000

29000

27000

Corrected Net Thrust (Ib)

15000
-30 -20 -10 0 10 20 30 40 50 60
Temperature C
——High_temp  «eeeeeee Flat-rated = = =Flat-rated_RT15 Used RT15

Figure 3-9 Thrust Rating Comparison — Takeoff Thrust, 15% Reduced Thrust

3.6.2.4 Data Development for Alternative-Weight Profiles

AEDT also includes alternative weight profiles, in addition to the traditional aircraft profiles (standard,
ICAOA and ICAOB). Alternative weight procedures use a heavier weight than the corresponding
STANDARD and MODIFIED_RT procedures in the same stage length bins. At each stage length, the higher
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weight option is determined by taking the average of the current stage length weight and the weight of

the next-highest stage length.

For the highest stage length procedure, alternative weight procedures use the current stage length
weight. As such, STANDARD and MODIFIED_AW procedures for the maximum stage length have the
same weight and thrust specifications.

The profile naming conventions for all AEDT profiles are described in Table 3-5.

Table 3-5 Profile Naming Convention

Profile Type Profile Naming Convention Comments
Default Profiles
STANDARD STANDARD Departure, Approach, Circuit or
Touch and Go operations
NOISEMAP NOISEMAP Departure, Approach Military Aircraft
Profiles
ICAOA ICAO A, ICAO_A, ICAOA, ICAO-A Departure operations only
ICAOB ICAO B, ICAO_B, ICAOB, ICAO-B Departure operations only
CNA206/CNA20T 3000LB, 3300LB, 3600LB Departure operations only
Specific
CNA510/CNA55B FLAPS_O, FLAPS_15 Departure operations only
Specific
CNA750 Specific FLAP_5,FLAP_15 Departure and Approach operations

ECLIPSES500 Specific

HI_ALT

Departure operations only

GlI/GIIB Specific

QF_FLEX, QF_FULL

Departure operations only

Non-Default Profiles*

and Reduced Thrust

thrust (e.g., “MODIFIED_AW_RT15”)

Alternative Weight MODIFIED_AW Departure operations only
Reduced Thrust MODIFIED_ + percent reduced thrust | Departure operations only.
(e.g., “MODIFIED_RT05") Typical reduced thrust values are 5%,
10% and 15%
Alternative Weight MODIFIED_AW _ + percent reduced Departure operations only.

Typical reduced thrust values are 5%,
10% and 15%

* See Appendix J in the AEDT 3c User Manual for further information on appropriate justification for use of Non-

Default Profiles.

3.6.2.5 True Airspeed
Procedural profiles specify speed in the form of calibrated airspeed. True airspeed is also relevant to the
flight mechanics modeled by AEDT. Calibrated airspeed is assumed to equal equivalent airspeed in the
ECAC Doc 29% performance specification. For SAE-AIR-1845/Doc 29 analysis, true airspeed for the
explicitly-defined portion of a profile-driven operation is therefore calculated by using equation (A5),
specified in SAE-AIR-1845% (which is equivalent to equation B-6 in ECAC Doc 29):
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vr=v / \/E Eq. 3-25
where
vr True airspeed (kt);
v Calibrated airspeed (kt); and
o Air density ratio at aircraft altitude (dimensionless).

3.6.2.6 Displaced Thresholds and Threshold Crossing Heights
A departure flight path starts at a given distance from the departure end of the runway:

D = Ddep + Atrk Eq 3-26
where
D Start-roll distance (ft) from the end of the runway;
Dgep Displaced departure threshold (ft) for the runway (user input); and
Atri Delta distance (ft) for the departure ground track (user input).

An approach flight touches down on the runway at a given distance from the approach end of the
runway:

htc ' |d—1|
D= Dapp + Ay + T Eq. 3-27
where
Dapp Displaced approach threshold (ft) for the runway (user input);
hic Threshold crossing height (ft) for the runway (user input);
d_; Coordinate value (ft) of the profile point immediately before the touch-down point (it is
a negative number); and
Z_q Altitude AFE (ft) of the profile point immediately before the touch-down point (the

touch-down point has coordinates: dy = 0, z, = 0).

3.6.2.7 Profile Components

The following sections describe how AEDT processes specific profile component types for SAE-AIR-
1845/Doc 29 analysis. In general, one procedure step produces one profile point, but there are several
exceptions. For example, a takeoff step produces two points (start-roll and takeoff rotation). Also, when
there is a change in thrust setting (for example, going from max-takeoff to max-climb), an extra profile
point is created so that thrust changes continuously over a small distance (1,000 ft), rather than
discontinuously at a point.

Sometimes, data from one procedure step are combined with data from an adjacent step before a
profile point can be computed. For example, two consecutive descent steps will specify their initial
altitude, speed, and angle of descent. AEDT uses the second descent step’s initial altitude as the final
altitude for the first step. These algorithmic details are not described. Instead, the production of profile
points is presented in terms of "initial" and "final" points that define a profile segment.
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For detailed information about the format and content of inputs required for the creation of user-
defined profiles, see the AEDT Standard Input File Reference Manual®.

3.6.2.7.1 Fixed Point

A fixed profile point specifies much of the aircraft’s state at a particular horizontal coordinate and time.
Altitude, distance, speed, and noise thrust require no calculation, as they are given directly. AEDT does
not adjust noise thrusts for non-standard temperature and pressure (that is, the input values of noise
thrust are directly used in the noise tables, regardless of its units). If the noise thrust is specified as a
percent, the corrected net thrust is calculated by applying the given percentage to the airplane’s static
thrust value. No corrected net thrust calculation is required when the noise thrust is specified in pounds
(in which case the setting directly specifies the corrected net thrust) or any other units not mentioned
here (in which case no relationship between noise thrust and actual engine thrust is specified).

3.6.2.7.2 Takeoff Ground Roll Step

A takeoff ground roll step models airplane acceleration on the ground before becoming airborne. For
this type of step, the initial and final values of aircraft altitude are given (the elevation of the starting
runway end), the initial and final values of speed and thrust are calculated, and the horizontal distance is
calculated.

For jets, the corrected net thrust per engine (F,/68): at the start-roll point is calculated by using the
departure thrust equation with v, = 0 kts. For props, the corrected net thrust per engine (F,/6); at the
start-roll point is set equal to the corrected net thrust per engine (F./8); at the end of the step.

For jets and props, the corrected net thrust per engine (F./8), at the end of the step is calculated by
using rated thrust as described in Section 3.6.2.2.2. The calibrated airspeed at the end of the step, which
is used in the thrust equation, is modeled as the initial climb calibrated airspeed, and is calculated by
using SAE-AIR-1845% equation (A7):

v, = Cr VW Eq. 3-28
where
v, Initial climb calibrated airspeed (kt);
Cr Takeoff speed coefficient that depends on flaps setting (kt/vIbf); and
w Departure profile weight (Ibf); weight is assumed to remain constant for the entire

departure profile.
For jets or props, (Fn/6)1 can be a user-input value. If so, then (F./8), is also set to equal the input value.

Takeoff ground-roll distance is calculated by using SAE-AIR-1845%* equation (A6):

W 2
B -6 (%)
Sy =———F5—"— Eq. 3-29
v
8/2
where
Sy Ground-roll distance (ft);
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By Ground-roll coefficient, which depends on the flaps setting (ft/Ibf);
6 Temperature ratio at the airport elevation (dimensionless);
o) Pressure ratio at the airport (dimensionless); and
(%") Corrected net thrust per engine (Ibf) at the end of takeoff step.
2

The takeoff ground-roll distance is corrected for headwind, by using SAE-AIR-1845°% equation (A16):

S (v, —w)?

Sow = W Eqg. 3-30
where
Sgw Ground-roll distance (ft) corrected for headwind;
v, Initial climb calibrated speed (kt); and
w Headwind (kt).

The takeoff ground-roll distance is also corrected for runway gradient by using the equations:

Sow - a
S =—_"9% ~ Eq. 3-31
9¢ a—-3217-G a
(v2/Vo)’
q = \2/NO Eq. 3-32
2-Sgw
E, — E
G=-2_"1 Eq. 3-33
L
where
Sgc Ground-roll distance (ft) corrected for headwind and runway gradient;
Sgw Ground-roll distance (ft) corrected for headwind;
a Average acceleration (ft/s?) along the runway;
G Runway gradient; G is positive when taking-off uphill (dimensionless);
Ei E, Runway end elevations (ft) MSL; and
L Runway length (ft).

In AEDT, the corrected ground-roll distance S is divided into sub-segments with variable lengths, with
each segment covering an aircraft speed change of 20 kts. The number of sub-segments Negs for the
ground roll is calculated as:

. Vg,
Nyegs = int (1 + E) Eq. 3-34
where

Ngegs Number of sub-segments (dimensionless); and

int(x)  Function that returns the integer part of x.

X Final groundspeed of the ground roll segment.
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Acceleration is assumed to be constant, and each segment is calculated to cover an equal time period.
The time, t, on each segment is calculated as:

2-S
t=——9° Eq. 3-35
Vg, * Nsegs
where
t Time (s) spent on each sub-segment.

The distance, speed, and thrust values at the Nsegs Segment end points are calculated by linear
interpolation on time.

3.6.2.7.3 Constant-CAS Climb Step

A constant-CAS climb segment models the climb of an aircraft at constant calibrated airspeed to a target
altitude. For this type of step, the initial and final altitudes are given (A; is from the previous segment
and A; is user input), the initial and final speeds are calculated using the final calibrated airspeed on the
previous segment, the initial thrust (F./8): is given from the previous segment, the final thrust is
calculated, and the horizontal distance is calculated.

A climb segment is flown at constant calibrated airspeed, v, climbing from altitude A; to altitude A,. Even
though a climb segment uses constant calibrated airspeed, the true airspeeds vr1 and vr; at the segment
end points are different because the air densities o; and o; are different. The speeds are calculated
according to Eq. 3-25 from their corresponding density ratios.

The nominal corrected net thrust per engine, F,/8, and the final corrected net thrust per engine, (Fn/6),
are calculated differently depending on the thrust specification supplied for the procedure step:

1. When a thrust rating is specified, the nominal corrected net thrust per engine is calculated by
using the rated thrust equations presented in 3.6.2.2.2 at the mid-point altitude An = %2(A1 + A).
Likewise, a nominal value of the pressure ratio, §, is sampled at the mid-point altitude An. The
final corrected net thrust per engine is calculated from the same equations, at calibrated
airspeed v and the final altitude A,.

2. When thrust is specified directly by value without a cutback segment, the nominal value of
corrected net thrust per engine is set to the specified value, F,/6 = user-input thrust. The
nominal value of the pressure ratio, 6, is calculated at the mid-point altitude.

The calculated initial corrected net thrust per engine (F./8); is retained, and the final corrected
net thrust per engine is also set to the specified thrust.

3. When a thrust is specified directly by value with a cutback segment, the nominal value of
corrected net thrust per engine is set to the specified value, F,/6 = user-cutback thrust. The
nominal value of the pressure ratio, §, is calculated at the mid-point altitude.

The climb segment is calculated and then separated into two sub-segments, both having the
same climb angle. The first sub-segment is assigned a 1,000 ft ground distance and the corrected
net thrust per engine at the end of 1,000 ft is set equal to the user-cutback thrust value. If the

Page 80



Aviation Environmental Design Tool 3¢ Technical Manual

original horizontal distance is less than 2,000 ft, one half of the segment is used to cutback
thrust. The final thrust on the second sub-segment is also set equal to the user-cutback thrust.
Thus, the second sub-segment is flown at constant thrust.

Another 1,000 ft sub-segment restores the thrust from the user-cutback value to the calculated
value (Fn/6), at altitude A,. This sub-segment is created in the next climb or acceleration
segment.

4. When engine-out minimum thrust is specified, the nominal value of corrected net thrust per
engine F,/& is calculated by using the minimum engine-out procedure described in 3.6.2.2.3. The
nominal value of the pressure ratio 6 is set to the final value calculated at altitude A..

Two 1,000 ft sub-segments are introduced in a manner similar to the user-cutback case.
The average climb angle is calculated by using SAE-AIR-18455 equation (A8):
Fy
N-(3)

(%)

y =sin"!| K- — Ry Eq. 3-36

where
y Average climb angle (radians)
K Speed-dependent constant (dimensionless);
K=1.01 when climb speed < 200 kt; or
K=0.95 otherwise;
N Number of engines (dimensionless);

S
o &
N—

Nominal value of corrected net thrust per engine (Ibf);

o) Nominal value of the pressure ratio (dimensionless);
w Departure profile weight (Ibf); and
Ry Drag-over-lift coefficient that depends on the flaps setting (dimensionless).

The above method of setting the constant K is slightly different than specified in SAE-AIR-1845%, where
the initial climb segment uses K=1.01, and climb segments after acceleration and flaps-retraction use
K=0.95. The AEDT method is designed to handle flight profiles where the order of climb and acceleration
segments is mixed.

The climb angle is corrected for headwind by using SAE-AIR-1845% equation (A17):

-(v—28
= y_(v(_ W)) Eq. 3-37
where
Yw Average climb angle corrected for headwind;
y Average climb angle (uncorrected);
v Calibrated airspeed (kt) on the climb segment; and
w Headwind (kt).
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Finally, the horizontal distance for the climb segment is calculated by using SAE-AIR-18455* equation

(A9):

where
Sc
Ay
A

A — A4
Se=—— Eqg. 3-38
tany,,

Horizontal distance (ft) for the climb segment;
Initial altitude (ft) MSL; and
Final altitude (ft) MSL.

3.6.2.7.4 Accelerating Climb Step by Climb Rate

An accelerating climb step models acceleration to a target calibrated airspeed at a specified rate of
climb. For this type of step, the initial altitude A;, initial true airspeed vri, and initial thrust (Fn/8); are
given from the previous segment. The final calibrated airspeed v, and the average climb rate vr; are user
inputs. The final altitude, final true airspeed, final thrust, and horizontal flying distance are calculated.

Altitude, speed, thrust, and distance are calculated by using an iterative method. The final altitude A; =
A; + 250 ft is used for the first iteration, and then A; is recalculated until the absolute difference
between the current and next iteration A, values is less than one ft.

The horizontal distance is calculated by using SAE-AIR-1845% equation (A10):

where

‘UTl

UTZ

where
Uy
03

_095-k- (v —vi)

Eq. 3-39
a G — G

Current iteration horizontal distance (ft);

Constant:

1 (101.2686)2

k = 2 60
32.17

Input initial true airspeed (kt);

Final true airspeed (kt) at current iteration oz:

VT2=U2/\/U_2

= 0.0442758 (feet/knots?)

Input final calibrated airspeed (kt);
Air density ratio at current iteration final altitude A, (dimensionless);
Maximum acceleration available, as a fraction of g, for current iteration:

(%)

Gm: _Rf
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where
(E,/8) Average corrected net thrust per engine (Ib) at the current iteration:

(5)=21G),+(3).

(E,/8),1 Inputinitial corrected net thrust per engine (Ibf);
(E,/8), Final corrected net thrust per engine (Ibf) at current iteration altitude A,;
6 Pressure ratio at current iteration mid-point altitude, (A; + 4,)/2 (dimensionless);
G Climb gradient for the current iteration value of vr; (dimensionless):
vr,

4

G =
101.2686 1/, (v, + vr,)

where
vy, Input climb rate (ft/min).

The next-iteration final altitude A5 (ft) is calculated by using SAE-AIR-1845%* equation (A11):

S.-G
0.95

Ay = A+ Eq. 3-40
When A, — A, < 1ft, the current iteration values of final altitude A, final true airspeed vr, final
corrected net thrust per engine (F./8),, and horizontal distance S, are used for the acceleration segment.

If during the iteration process (Gm — G) < 0.02, the acceleration is considered to be too small to achieve
the desired v, in a reasonable distance. AEDT then limits the climb gradient to G = G, — 0.02. In effect,
the desired climb rate is reduced so that the airplane can maintain a minimum acceleration. If G < 0.01,
AEDT issues an error message and stops computing the profile. If G < 0.01, there is not enough thrust to
both accelerate and climb, as required by the segment parameters.

The acceleration segment distance is corrected for headwind by using SAE-AIR-1845% equation (A18):

Sa - (UT -w)
Saw = or 8 Eq. 3-41
where
Saw Horizontal distance (ft) corrected for headwind;
Sa Horizontal distance (ft) for the acceleration segment, uncorrected; and
vr Average true airspeed (kts) on the segment:

vT = (le + vTZ)/Z
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3.6.2.7.5 Accelerating Climb Step by Energy Share

An accelerating climb step by energy share models acceleration to a target calibrated airspeed with the
rate of climb specified indirectly as a percentage of available acceleration. For this type of step, the
initial altitude Ay, initial true airspeed vr1, and initial thrust (F./8); are given from the previous segment.
The final calibrated airspeed v, and the energy-share percentage value A; are user inputs. The final
altitude, final true airspeed, final thrust, and horizontal flying distance are calculated.

Acceleration percent (accel-percent) segments are calculated in a similar manner as acceleration
segments (see Section 3.6.2.7.4 above). The key difference is that accel-percent segments utilize an
input energy-share percentage value while acceleration segments use an input average climb rate. The
energy-share percentage value defines the division of aircraft thrust between uses for climbing vs.
accelerating. The climb gradient, G, in Eq. 3-39 is replaced with a climb gradient calculated using the
input acceleration percent value (Ap). At an acceleration percent value of 100%, all thrust is dedicated to
increasing airspeed and the climb rate will be zero. As A, is decreased to 0%, more thrust is dedicated to
climbing and less to acceleration. Acceleration for climbing is calculated as follows:

G =Gy -(1-4,/100) Eq. 3-42
where
G Acceleration available for climbing as a fraction of g also called the climb gradient
(dimensionless);
Gm Maximum available acceleration as a fraction of g, see Equation 2-35 (dimensionless);
and
A, Percentage of thrust applied to acceleration.

Thus, Equation 3-42 is used instead to calculate G in Eq. 3-39, and the process is otherwise identical to
the acceleration segment. Note that the limits on G,,, — G discussed in Section 3.6.2.7.4 will come into
play when the value of A, is very small.

3.6.2.7.6 Cruise-Climb Step

A cruise-climb step models a climb at a specific angle to a target altitude and calibrated airspeed. For
this type of step, the initial altitude, true airspeed, and thrust are given from the previous segment. The
final altitude A,, final calibrated airspeed v,, and climb angle y are user inputs (the initial and final
calibrated airspeeds must be the same). The final true airspeed, final thrust, and horizontal distance are
calculated. Cruise-climb thrust is less than "maximum-takeoff" or "maximum-climb" departure thrust.

The final corrected net thrust per engine is calculated by using SAE-AIR-1845% equation (A15) with an
additive term for climb thrust:

(ﬁ) _ (5%) - (Rr+558) Eq. 3-43
6/, N

(%n) Corrected net thrust per engine (Ibf) at altitude A;;
2

w Profile weight (Ibf);
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8, Pressure ratio at altitude A, (dimensionless);

R Drag-over-lift coefficient that depends on flaps and gear setting (dimensionless);
y Average climb angle (a positive value); and

N Number of engines (dimensionless).

The horizontal distance is calculated by:

A; — 4
- = —— Eq. 3-44
tany
where
See Horizontal distance (ft) for the cruise-climb segment;
A4 Initial altitude (ft) MSL; and

A, Final altitude (ft) MSL (A1 < Az).

3.6.2.7.7 Descent Step

A descent step models descent at a specific angle to a target altitude and calibrated airspeed, neglecting
deceleration effects. For this type of step, the initial altitude, true airspeed, and thrust are given from
the previous segment. The final altitude A,, final calibrated airspeed v,, and descent angle y are user
inputs, with the final altitude and final calibrated airspeed being input on the following segment. The
final true airspeed, final thrust, and horizontal distance are calculated.

The final true airspeed vr, (kt) is:

U, = Vy /)02 Eq. 3-45
where
v, Input final calibrated airspeed (kt); and
o, Density ratio at altitude A, (dimensionless).

The final corrected net thrust per engine is calculated by using by using SAE-AIR-1845% equation (A15):

w siny
(E) B (6_2) ) (Rf - 1.03) Eq. 3-46
5§/, N
where
(%”) Corrected net thrust per engine (Ibf) at altitude A,; and
2
y Average descent angle (a positive value).

The final corrected net thrust per engine is corrected for headwind by using SAE-AIR-18455 equation
(A19):

W .
(&) =(&) +1.03-(6—2)-smy-(w—8) Eq. 3-47
6 2w 5 2 N‘Uz
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where
(%") Corrected net thrust per engine (Ibf) for headwind w;
2w
w Headwind (kt); and

2 Calibrated airspeed (kt) at altitude A,.

The horizontal distance is calculated by:

A — A
Sy =——— Eqg. 3-48
tany
where
Sa Horizontal distance (ft) for the descent segment;

3.6.2.7.8 Deceleration-Sensitive Descend Step

A deceleration-sensitive descend step models descent at a specific angle to a target altitude and
calibrated airspeed, adjusting one of the targets to preserve the deceleration that would have been
observed in an ISA. For this type of step, the initial altitude, true airspeed, and thrust are given from the
previous segment. The final altitude A,, final calibrated airspeed v,, and descent angle y are user inputs,
with the final altitude and final calibrated airspeed being input on the following segment. The final true
airspeed, final thrust, and horizontal distance are calculated. Although the inputs for this type of step
are the same as for a standard descent step, this type of step (as well as the “Descend-ldle” step
described in Section 3.6.2.7.9) is calculated in a way that preserves the acceleration value implied by its
inputs.

In AEDT, the initial altitude and speed appear to be user-defined; however, a descend-decel segment is
not actually calculated until the next segment is processed. This procedure is necessary so that an
approach profile can start with a descend-decel segment.

The process for calculating Descend-Decel segments in AEDT is similar but not identical to the process
described in Section B-10 of ECAC Doc 29°. AEDT assumes that the procedural profile using the
descend-decel segment was defined for ISA reference conditions at a sea-level airport. The deceleration
that results over the segment given sea-level ISA conditions is assumed to remain constant even under
non-sea level, non-ISA conditions, and other segment parameters are therefore modified for consistency
under these conditions. Deceleration over the descend-decel segment for ISA conditions is calculated as:

2 2
(\/U%ZISA —w?-.sin2y —w- cosy) — <\/U%1ISA —w?-sin2y —w- cosy) Eq. 3-49

2-S,

Asa =

where
a;s4  Acceleration for ISA conditions (ft/s?);
VT Initial true airspeed (ft/s) for ISA conditions gy ,:

_ (101.2686
Tisa — (

o0 )1/
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where
12 Input initial calibrated airspeed (kt);
01,5, Airdensity ratio at initial altitude A; (for ISA conditions);

VT, 0 Final true airspeed (ft/s) for ISA conditions 02154°
101.2686
TZISA = ( 60 )UZ / V O-ZISA
where
v, Input final calibrated airspeed (kt);
02,5, Airdensity ratio at final altitude A; (for ISA conditions);
w Headwind (ft/s);
y Average descent angle (a positive value);
Sq Horizontal distance (ft) for the descent segment:
A, — A
Sy =——2
siny
where
Ay Initial altitude (ft) MSL; and

A, Final altitude (ft) MSL (A1 > A»).

For non-ISA conditions, the segment’s ISA deceleration and the input descent angle are held constant
and either the final true airspeed or the segment length (and therefore final altitude) are adjusted.

When the segment following the descend-decel segment is a level, level-decel, level-idle, or land
segment the input final altitude is maintained and the final true airspeed is adjusted to account for non-
ISA conditions. The new final true airspeed (ft/s) is calculated as:

2

2

vr, = (\/v%1 —w?sin?2y —w- cosy) + 2s4a;54 +w-cosy | +w?-sin2y Eq.3-30
where
v}z Calculated final true airspeed for actual airport atmospheric conditions (ft/s); and

vr Input initial true airspeed for actual airport atmospheric conditions (ft/s).

1
When the segment following the descend-decel segment is a descend, descend-decel, or descend-idle
segment the input final true airspeed is maintained and the segment length and final altitude are
adjusted for non-ISA conditions. The new segment length is calculated as:

2 2

(\/v%z —wz-sinzy—w-cosy) — (\/v%l —wz-sinzy—w-cosy) Eq. 351
S/ =

2 a5y
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where
S, Segment length adjusted for non-ISA conditions (ft);
v Input initial true airspeed for actual airport atmospheric conditions (ft/s); and
vr Input final true airspeed for actual airport atmospheric conditions (ft/s).

2

The segment’s new final altitude A5 is calculated as:

A, = A, —s] -siny Eqg. 3-52
where
A Calculated final altitude (ft) MSL; and
Aq Input initial altitude (ft) MSL.

Descend-decel segment thrust values account for deceleration effects on thrust, unlike descent
segments described in Section 3.6.2.7.7. Thrust is calculated with a force balance derived from SAE-AIR-
1845° equation (A15) with an additional acceleration term:

b _ W (R i +a) Eqg. 3-53
5N 5 cosy —siny 7 g. 3-

where
Corrected net thrust per engine (Ibf);

Aircraft weight (Ibf);

Pressure ratio at segment’s altitude (dimensionless);

Number of engines (dimensionless);

Drag over lift coefficient that depends on flaps and gear setting (dimensionless);
Aircraft acceleration along the velocity vector (ft/s?);

Gravitational acceleration of Earth (ft/s?); and

Descent angle (positive by convention).

RS

3.6.2.7.9 Idle Descend Step

An idle descend step models descent at a specific angle and idle thrust setting to a target altitude and
calibrated airspeed, adjusting one of the targets to preserve the deceleration that would have been
observed in an ISA. For this type of step, the initial altitude, true airspeed, and thrust are given from the
previous segment. The final altitude A,, final calibrated airspeed v, and descent angle y are user inputs,
with the final altitude and final calibrated airspeed being input on the following segment. The final true
airspeed, final thrust, and horizontal distance are calculated.

In AEDT, the initial altitude and speed appear to be user inputs; however, a descend-idle segment is not
actually calculated until the next segment is processed. This procedure is necessary so that an approach
profile can start with a descend-idle segment.

Descend-idle segments are calculated in the same manner as descend-decel segments described in
Section 3.6.2.7.8 with the exception of thrust. Idle thrust is a rated thrust specification (see Section
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3.6.2.2.2). The initial and final idle thrust values are calculated using the initial and final altitude and
speed values as appropriate.

3.6.2.7.10 Level Step

A level step models level flight over a specific distance to a target calibrated airspeed, neglecting
deceleration effects. For this type of step, the initial altitude, true airspeed, and thrust are given from
the previous segment. The final altitude A,, final calibrated airspeed v,, and distance flown S, are user
inputs (the final altitude and speed must be the same as the initial values). The final thrust is calculated.

If the initial thrust is not the same as the final thrust (for example, the previous segment was a climb
segment), then AEDT creates a 1,000 ft transition segment so that the major portion of the level
segment is flown at constant thrust.

The corrected net thrust per engine is calculated by using SAE-AIR-1845% equation (A15) with zero
descent angle:

w
(E) _ M Eq. 3-54
6/, N
where
(%”) Final corrected net thrust per engine (Ibf) at altitude A; = A;;
2

w Profile weight (Ibf);
o) Pressure ratio at altitude A; = A, (dimensionless); and
R Drag-over-lift coefficient that depends on flaps and gear setting (dimensionless).

3.6.2.7.11 Deceleration-Sensitive Level Step

A deceleration-sensitive level step models level flight over a specific distance to a target calibrated
airspeed, adjusting the target speed to preserve the deceleration that would have been observed in an
ISA. For this type of step, the step length, initial true airspeed, and step altitude are user inputs. The
initial true airspeed and segment altitude must match the final values from the previous segment. The
final true airspeed is defined by the following segment, and the constant segment thrust is calculated.

The level-deceleration segment is calculated and then separated into two sub-segments. The first sub-
segment is assigned a 1,000 ft ground distance. The corrected net thrust at the beginning of this
segment is equal to the final value from the previous segment, and the corrected net thrust at the end
of 1,000 ft is set equal to the level-decel thrust. If the original horizontal distance is less than 2,000 ft,
one half of the segment distance is used to transition the thrust. The final thrust on the second sub-
segment is also set to the level-decel thrust. Thus, the second segment is flown at constant thrust.

Another 1,000 ft sub-segment restores the thrust from the level-decel value to the appropriate initial
thrust for the following segment. This sub-segment is created in the following segment.

AEDT assumes that the procedural profile using the level-decel segment is defined for ISA reference
conditions at a sea-level airport. The deceleration that results over the segment given sea-level ISA
conditions is assumed to remain constant even under non-sea level, non-ISA conditions, and other
segment parameters are therefore modified for consistency under these conditions. Deceleration over
the level-decel segment for ISA conditions is calculated as:
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2 2
< v, W) 1101.2686 | ( v, W> 1101.2686

[615a 60 [G15a 60 Eq. 3-55

Aisa = 2.5,
where

a;sa  Acceleration for ISA conditions (ft/s?);
12 Input initial calibrated airspeed (kt);
v, Input final calibrated airspeed (kt);
oisa  Air density ratio at segment altitude (for ISA conditions);
w Headwind (kt); and
Sq Input horizontal distance (ft) for the segment.

For non-ISA conditions, the segment’s ISA deceleration is held constant and the segment length is
adjusted. The new segment length (horizontal distance) is calculated as:

2 2
(ﬁ_ ) 1,012.686 % 1071 _ (ﬂ _ ) 1,012.686 x 1071
N7 E 60 vo v 60 Eq. 3-56
Sy =
2-asy
where
S4 Segment length (ft); and
o Air density ratio at segment altitude (for actual airport conditions).

The level-decel segment thrust is calculated with SAE-AIR-18455 equation (A15) with an additional
acceleration term and zero climb angle:
b W(R+a> Eq. 3-57
5§ N-o\ Ty a-=

where
Corrected net thrust per engine (Ibf);

Aircraft weight (Ibf);

Pressure ratio at segment’s altitude (dimensionless);

Number of engines (dimensionless);

Drag over lift coefficient that depends on flaps and gear setting (dimensionless);
Aircraft acceleration along the velocity vector (ft/s?); and

Gravitational acceleration of Earth (ft/s?).

Q@R =™ I

3.6.2.7.12 Level-Idle Step

An idle level step models level flight at idle thrust over a specific distance to a target calibrated airspeed,
adjusting the target speed to preserve the deceleration that would have been observed in an ISA. For
this type of step, the step length, initial true airspeed, and step altitude are user inputs. The initial true
airspeed and segment altitude must match the final values from the previous segment. The final altitude
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is set equal to the initial value, the final true airspeed is set equal to the initial true airspeed of the
following segment, and the segment’s idle thrust values are calculated.

The level-idle segment is calculated then separated into two sub-segments. The first sub-segment is
assigned a 1,000 ft ground distance. The corrected net thrust at the beginning of this segment is equal
to the final value from the previous segment, and the corrected net thrust at the end of 1,000 ft is set
equal to the calculated initial idle thrust value. If the original horizontal distance is less than 2,000 ft, one
half of the segment distance is used to transition the thrust. The final thrust on the second sub-segment
is set to the calculated final idle thrust value.

Another 1,000 ft sub-segment restores the thrust from the final idle thrust value to the appropriate
initial thrust for the following segment. This sub-segment is created in the following segment.

As for level-decel segments, AEDT assumes that the procedural profile using the level-idle segment was
defined for ISA reference conditions at a sea-level airport. The deceleration that results over the
segment given sea-level ISA conditions is assumed to remain constant even under non-sea level, non-ISA
conditions, and other segment parameters are therefore modified for consistency under these
conditions. The segment length for level-idle segments flown under non-ISA conditions is calculated
using Eq. 3-55 and Eq. 3-56 from Section 3.6.2.7.11.

Idle thrust is a rated thrust specification (see Section 3.6.2.2.2). The initial and final idle thrust values are
calculated using the constant segment altitude and the initial and final speed values as appropriate.

3.6.2.7.13 Fit-to-Track Step

A fit-to-track step models level flight over a specific distance. The distance is indeterminate from the
perspective of the procedure definition, but is known at the time of profile calculation. This type of step
only appears in procedure definitions for circuit profiles, but AEDT internally also adds a step of this type
to the end of touch-and-go procedures. There are no user inputs for this type of step. For this type of
step, the initial altitude, true airspeed, and thrust are given from the previous segment. The final
altitude, true airspeed, and thrust are each the same as the corresponding initial values.

3.6.2.7.14 Landing Ground Roll Step

A landing ground roll step models ground roll from touch down over a specific distance to a target
calibrated airspeed and thrust setting. For this type of step, the initial and final altitudes are given (the
elevation of the touch-down end of the runway), the initial (landing) speed is calculated, the final roll-
out true speed is calculated from a user-input calibrated speed v, the initial (landing) thrust is
calculated, the final thrust is calculated from a user-input percentage value P, and the ground-roll
distance Sy is user input.

The landing calibrated airspeed is calculated by using SAE-AIR-1845% equation (A13):
v, = Dp VW Eq. 3-58
where

12 Calibrated airspeed (kt) just before landing;
D¢ Landing coefficient that depends on the flaps and gear setting (kt/~/Ibf); and
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w Approach profile weight (Ibf); weight is assumed to remain constant for the entire
approach profile.

The initial and final true speeds are calculated by:

v, =vy /o Eq. 3-59
vy, = v, /o Eq. 3-60
where
o Density ratio at airport altitude (dimensionless).

The initial thrust (F./8)1 is calculated using the descent thrust equation with the landing descent angle,
landing calibrated airspeed v, and airport elevation (see Section 3.6.2.7.7).

The user-input percentage of thrust may also be used to calculate the final thrust for the landing
segment representing the level of reverse thrust, if supplied by the user. The final thrust (F./6), is
calculated by:

(B) =k () fq. 361
6/, $ \100
where

(%")2 Corrected net thrust per engine (Ibf) at end of landing roll-out;

F Static corrected net thrust per engine (an input parameter) (lbf); and

P Percentage of thrust (an input parameter).

If the aircraft NPD curves are in percentages, the value of thrust that is actually assigned to the flight
path segment is the percentage value P; it is used to directly access the noise tables.

3.6.2.7.15 Decelerate Step

A decelerate segment models ground roll over a specific distance to a target calibrated airspeed and
thrust. For this type of step, the initial and final altitudes are given (the elevation of the touch-down end
of the runway), the initial speed is given from the previous step, and the final speed is calculated from
user-input calibrated speed and density ratio. The initial thrust is given from the previous step, the final
thrust is calculated from user-input percentage of thrust (see Section 3.6.2.7.13), and the ground-roll
distance is user input.

3.6.3 Helicopter Profile

AEDT supports only one kind of flight profile input data for helicopters: an ordered set of procedure
steps. Compared to fixed-wing aircraft, helicopter procedure steps are more similar to fixed-wing profile
points than fixed-wing procedure steps. Like fixed-wing profile points, helicopter procedure steps
explicitly define the flight profile, do not involve any flight performance calculations within AEDT, and
are not modified by AEDT to account for non-standard atmospheric conditions. Unlike fixed-wing profile
points, helicopter procedure steps are modal; they are defined as a set of procedure steps that each
represents a helicopter flight operational mode.
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The NPD data for helicopters used by AEDT reference operational modes and not thrust values.
Available operational modes for helicopters include the following:

Dynamic operational modes:

e Constant-velocity descent

e Constant-velocity climb

e Constant-velocity level
Vertical ascent with ground effect
Vertical ascent without ground effect
Vertical descent with ground effect
Vertical descent without ground effect
e Level deceleration
e Descending deceleration
e Level acceleration
e Ascending acceleration
e Taxi

Static operational modes:
e Idle with ground support
e Idle without ground support
e Hover with ground effect
e Hover without ground effect

Each helicopter operational mode can have its own NPD curve that defines the source noise for that
mode. There is only one NPD curve per mode, therefore there is no interpolation or extrapolation across
helicopter NPD curves in AEDT. Note that AEDT does not require the existence of all modes. Thrust is not
included in helicopter flight profiles.

An ordered set of helicopter procedure steps specifies a two-dimensional trajectory. For each point, the
following data are given:

e Horizontal length (ft);

e Altitude of the helicopter above the helipad (ft);

e Helicopter groundspeed at the point (kts);

e Helicopter operational mode; and

e Time spent at a location for static operational modes (s).

The origin is where the computed horizontal coordinate is equal to zero, and it depends on the kind of
flight operation:
e Anapproach origin is at the touchdown point and horizontal values are negative during descent.
e Adeparture origin is at the starting point on a helipad and horizontal values are positive.
e Ataxiorigin is at the starting point on a helipad and horizontal values are positive all the way to
the end-point on the same or different helipad.
e An overflight origin is at the first point and horizontal values are positive.

Page 93



Aviation Environmental Design Tool 3¢ Technical Manual

For all types of operations, horizontal distance values increase as a helicopter flies along its profile.
Profile speed is the ground speed at the profile point; it is the magnitude of the helicopter velocity
vector. It is the same as true airspeed in cases where there is no wind. In the sections below, references
to profile speed are talking about ground speed.

3.6.3.1 Helicopter Procedure Steps

Helicopter procedure steps explicitly define a helicopter’s flight profile. There are no thrust, altitude, or
speed calculations for helicopter flight profiles as there are for fixed-wing aircraft. The four types of
helicopter flight operations (approach, departure, taxi and overflight) are created by using 14 types of
procedure steps:

e Start Altitude: This step is used to start a profile at a given altitude and speed. The starting
altitude and speed are inputs.

e Constant-Velocity Level: This step is used to maintain altitude and speed for a given distance.
The track distance covered by the step is the only input. Altitude and speed are defined by the
previous step.

e Constant-Velocity Descent: This step is used to descend at constant speed to a given altitude
over a given distance. The track distance covered by the step and the final altitude are inputs.
The initial altitude and speed are defined by the previous step.

e Descending Deceleration: This step is used to descend and decelerate to a final altitude and
speed over a given distance. The track distance covered by the step, the final altitude, and the
final speed are inputs. The initial altitude and speed are defined by the previous step.

e Level Deceleration: This step is used to decelerate to a final speed at constant altitude over a
given distance. The track distance covered by the step and the final speed are inputs. The
altitude and initial speed are defined by the previous step.

e Vertical Descent: This step is used to maintain horizontal position while descending to a final
altitude over a given duration. The duration of the step and the final altitude are inputs. The
horizontal position of the step is calculated from the previous step and the horizontal speed is
zero.

e Hover: This step is used to maintain altitude and horizontal position for a given duration. The
duration of the step is the only input. The altitude is defined by the previous step, the horizontal
position of the step is calculated from the previous step, and the horizontal speed is zero.

e Idle With Ground Support: This step is used to maintain ground idle for a given duration. The
duration of the step is the only input. The altitude is zero, the horizontal position of the step is
calculated from the previous step, and the horizontal speed is zero.

e Idle Without Ground Support: This step is used to maintain flight idle for a given duration. The
duration of the step is the only input. The altitude is zero, the horizontal position of the step is
calculated from the previous step, and the horizontal speed is zero. Note that the noise
modeling data used for flight idle segments is different from the noise data used for ground idle
segments (modeled by “Idle with Ground Support” steps).

e Vertical Climb: This step is used to maintain horizontal position while ascending to a final
altitude over a given duration. The duration of the step and the final altitude are inputs. The
horizontal position of the step is calculated from the previous step and the horizontal speed is
zero.

e Level Acceleration: This step is used to accelerate to a final speed over a given distance. The
track distance covered by the step and the final speed are inputs. The altitude and initial speed
are defined by the previous step.
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e Ascending Acceleration: This step is used to climb and accelerate to a final altitude and speed
over a given distance. The track distance covered by the step, the final altitude, and the final
speed are inputs. The initial altitude and speed are defined by the previous step.

e Constant-Velocity Climb: This step is used to climb at constant speed to a given altitude over a
given distance. The track distance covered by the step and the final altitude are inputs. The
initial altitude and speed are defined by the previous step.

e Taxi: This step is used to taxi at a given constant speed. The speed is the only input. The track
distance is calculated based on the assigned taxi ground track, and the altitude is defined by the
previous step. AEDT allows helicopters defined as having wheels to taxi at zero altitude.
Helicopters defined as not having wheels must taxi at an altitude greater than zero.

Some helicopter procedure steps correlate with different helicopter flight operational modes (and
therefore different NPD and directivity data) depending on their altitude. When constructing flight paths
with the Hover, Dep Vertical, and App Vertical procedure steps, AEDT calculates the ground effect
altitude as follows:

AGE = 15 . DMR Eq. 3-62

where
Agr  Ground effect altitude (ft AFE); and
Dyr  Main rotor diameter (ft, an input parameter).

If the procedure step stays below the ground effect altitude, the resulting trajectory segment is assigned
the corresponding flight operational mode with ground effect. If the step stays at or above the ground
effect altitude, the resulting trajectory segment is assigned the corresponding flight operational mode
without ground effect. If a given Vertical Climb or Vertical Descent procedure step crosses the ground
effect altitude, AEDT automatically divides the step into two at the ground effect altitude and assigns
flight operational modes to the two steps as appropriate.

AEDT does not correct for non-standard temperature and pressure when generating helicopter flight
profiles. This means that the input values of altitude, speed, and duration are used exactly as specified
regardless of the atmosphere defined.

3.6.4 Flight Path Calculation

3.6.4.1 3-D Flight Path Construction

A three-dimensional flight path is constructed by merging a two-dimensional profile (a set of distance vs.
altitude points) with a two-dimensional ground track (an ordered set of latitude, longitude points).
Where there is a track point, a z-value is computed by interpolating between two points on the profile.
Where there is a profile point, the (x, y) values are computed on the ground-track segment under the
profile point. The result of this construction is an ordered set of (x, y, z) points and associated speed and
thrust data that describe the flight path.

When a track point lies between two profile points, a linear interpolation method is used to calculate
the altitude, speed, and thrust at that point:

z=z1+f (2, —21) Eq. 3-63
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ve=vr +f- (vTZ - le) Eq. 3-64
3)=6),+r[3),-G)]
—)=(=) +f =) (= Eg. 3-65
5)-G)3),-G), “
Av = vp, — v Eq. 3-66
F, E
AF = (—") - (—”) Eq. 3-67
5, 5/, a
where
z Altitude at the interpolated point (ft AFE);
f Fraction of the distance from profile point 1 to the interpolated point divided by
the distance from profile point 1 to point 2 (dimensionless);
71, Zy Initial and final profile altitudes (ft AFE);
Ve Speed at the interpolated point (kt);
vy, Ur, Initial and final profile point speeds (kt);
(E, /o) Corrected net thrust per engine (Ibf) at the interpolated point;
(E,/8), Initial profile point corrected net thrust per engine (Ibf); and
(E,/8), Final profile point corrected net thrust per engine (Ibf).

3.6.4.2 Flight Path Length Adjustments

After AEDT constructs the ordered set of flight path points, they are processed to remove points that are
too close together. If two (x,y,z) points are closer than 10 ft, and if the speed and thrust data are the
same, one of the points is removed from the set of points.

The last step in constructing a flight path is to insert points into segments that are too long. A path
segment is subdivided if its length multiplied by the change in speed is greater than 100,000 ft-kts. The
number of sub-segments is calculated by:

(UT - UT ) * L
N=int| 1+ [—2—>— Eq. 3-68
n 100,000 a
where
N Number of equal-distance sub-vectors (dimensionless);
int(x) Function that returns the integer part of a number x; and
L Length of the vector (ft).

If the flight path segment is subdivided, the speed and thrust values at the end points of the equal-
distance sub-segments are linearly interpolated by using the initial and final end-point values.

3.6.4.3 Optional Taxi Segment

To facilitate the computation of emissions metrics due to gate to runway taxi operations, AEDT uses taxi
time values to calculate a taxi time-in-mode segment for arrival, departure and circuit airplane
operations. If the user is using the higher-fidelity taxi trajectory modeling option (i.e., if they have
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enabled the delay-and-sequencing modeling option), a taxi time-in-mode is not computed (even if the
operation has the taxi time data necessary to do so). Taxi time values are user specified and can be
defined by airport average or flight operation. If both airport average and flight operation taxi times are
defined and the appropriate emissions setting (“Enable flight-based taxi times”) is enabled, the flight
operation taxi time takes precedence over the airport average taxi time. Therefore, one taxi segment
(whose duration is equal to the flight taxi time) will be computed. If both airport average and flight
operation taxi times are defined and the pertinent emissions setting is disabled, the flight operation taxi
time is suppressed. One taxi segment (whose duration is equal to the airport average taxi time) would
be computed.

The taxi segment has the following properties:
e Depending on the operation type, the following are identical to the first or last segment of the
calculated flight path:
o Geographic location (latitude and longitude)
o Elevation
o Time Stamp
o Weather parameters
e The segment duration is defined as the user specified taxi time.
e The fuel flow rate is calculated using the engine specific unadjusted idle fuel flow rate.
e Fuel burn is calculated by multiplying the fuel flow rate by the segment duration and the
number of engines.

The number of engines can be configured in the AEDT graphical user interface (GUI) to use all engines to
calculate taxi fuel burn and emissions, rather than computing single engine taxi.

3.6.5 Bank Angle Treatment

The AEDT bank angle calculation methods are based on the guidance provided in the ECAC Doc 29% (B-
8):

2
_ Vg
€ =tan™?! (2.85—) Eq. 3-69
rg
where
£ Bank angle (radians, positive in a left turn and negative in a right turn);
Vg Ground speed (kts);
T Turn radius (ft); and
g Gravitational acceleration of Earth (ft/s?).

There are two important assumptions inherent in this equation:
1. The aircraftis in a coordinated turn where the velocity vector is always aligned with the aircraft
roll axis.
2. Speed and acceleration in the vertical plane is insignificant. The flight procedures typically used
in close proximity to airports do not result in large speed and acceleration values in the vertical
plane.
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3.6.5.1 Bank Angle Smoothing and Filtering
AEDT attempts to remove fluctuations in the bank angle through a sequence of smoothing, filtering, and
limiting steps. The process is as follows:
1. Interpolate to stations every 0.5 nmi along the track.
Apply exponential smoothing.
Filter out fluctuations about zero.
Interpolate back onto original stations.
Apply upper limit.

e WwN

The process is illustrated in Figure 3-3.
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Figure 3-13 Example of Bank Angle Smoothing, Filtering, and Limiting

Interpolation at every 0.5 nmi leads to a collection of n bank angle samples, ¢;. The first sample ¢, is at a
distance of zero and has the same value as the original first bank angle. The last sample €,,_4 is at the
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same distance as the original last bank angle, and has the same value (unlike the rest of the samples, the
spacing between the last sample and its predecessor is not 0.5 nmi).

Exponential smoothing is similar to a moving average except that points are weighted exponentially. The
smoothed value is calculated recursively as follows:

&i=0—=b) g+b-e5_4 Eq. 3-70
where
Ei Smoothed bank value at index i;
b Smoothing parameter (dimensionless);
& Unsmoothed bank value at index i; and

&i—1 Smoothed value atindex i — 1.

The smoothing parameter b can have a range of values between 0 and 1. At b = 0 there is no
smoothing, and at b = 1 all of the smoothed values are equal to the initial value. Between b values of 0
and 1, there are varying degrees of smoothing. The parameter is selected automatically in AEDT by using
a variant of the signal to noise ratio on the calculated bank. The fluctuation magnitude N is defined as:

B median(|diff(g)|)
- stdev(e)

Eq.3-71

where
stdev Standard deviation and
diff Point-by-point difference:

diff(e;) = &;41 — &
Once fluctuation magnitude is calculated, the smoothing parameter is set to the smaller of two values:
b = min(0.25 - N, 0.5) Eg. 3-72

This step limits the smoothing value to be between 0 and 0.5 regardless of maximum fluctuation
magnitude.

The smoothing process is repeated ten times, forward and backward. The backward step removes biases
introduced in the forward step. Repeated smoothing with a lower b value tends to reject high-frequency
fluctuations more effectively than smoothing once with a higher b value.

After smoothing, the bank angles are filtered to ensure that data are compatible with typical flight
operations. If the bank changes sign twice within a 30-second window, it is set to zero over the entire
window. This step removes high-frequency oscillations caused by fluctuating data while preserving the
actual aircraft banking.

After the bank angles are interpolated back from the smoothed and filtered equally spaced samples to
the original path points, the final step is to limit bank angle values. If a bank angle has a magnitude less
than 1 degree, it is set to zero degrees. If a bank angle exceeds a limit (+/— 30 degrees), it is set to the

limit value. Large bank angles may indicate a flight path with unrealistic combinations of turn radii and
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airspeed. If the flight path uses a points-type track, fluctuations in the track data may result in
unrealistically fluctuating turning radii and extreme bank angle fluctuations. If the smoothing and
filtering process fails to eliminate such fluctuations, users may improve their results by replacing the
points-type track with a vector track. Turning radii in vector tracks are specified by the user, therefore all
fluctuation can be removed.

3.6.5.2 Bank Angle Performance Effects

Aircraft banking affects flight performance because a portion of the aircraft’s lift is directed horizontally
instead of vertically. Aircraft performance is calculated under the assumption that the aircraft is not
banking, so the calculated aircraft flight path must be adjusted to be consistent with banking.

3.6.5.2.1 Common Elements

Regardless of operation type, the adjustment for aircraft banking begins by calculating, for each
segment, the drag to lift ratio and acceleration. Acceleration follows from initial and final segment speed
along with segment length, according to uniform acceleration. Drag to lift ratio (dimensionless) comes
from the force balance:

(QN—S ~a_ sin )
R 8 W g~ hha Eq. 3-73
f COS Y,
where
%" Corrected net thrust per engine (Ibf);
N Number of engines (dimensionless);
0 Pressure ratio (dimensionless);
w Aircraft weight (Ibf);
a Acceleration along the flight path (ft/s2);
g Gravitational acceleration of Earth (ft/s2); and
Ya Climb angle in the still-air frame of reference.

3.6.5.2.2 Approach

To account for the effects of bank angle on approach flight paths, AEDT increases thrust so that forces
(thrust, drag, lift, and weight) are still in balance with banking effects in place. The initial thrust for each
flight path segment Fn/d1 is recalculated using the following force balance equation:

F = (—+ i 4 )W Eq. 3
COS Y4 + Sin .3-74
g COS(S) 4 A a
where
Rf Drag to lift ratio (dirnensionless); and
& Bank angle.

3.6.5.2.3 Departure

To account for the effects of bank angle on departure flight paths, AEDT reduces the climb angle and
speed in order to balance the forces. Thrust and acceleration are not altered. Note that the reduced
speed results in a reduced bank angle because bank is a function of speed, so it is recalculated. The
climb angle with banking effects is calculated by solving:
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CoSy, . .
oS e +siny, = Ry - cosy; +siny; Eq. 3-75
where
& Aircraft bank angle at start of segment after smoothing and filtering;
Y1 Climb angle without banking effects; and
Y2 Climb angle with banking effects.

The new segment length L, (ft) is calculated as follows:

COS Yy,
L =1L -
new 057, Eq. 3-76
where
L Length (ft) without banking effects.

Acceleration is held constant, so the new segment length must coincide with a change in endpoint speed
to maintain consistency:

vZ — v = 2al,,, Eq. 3-77
where
a Aircraft acceleration along the velocity vector (ft/s?);
12 Aircraft true airspeed at start of vector (ft/s); and
v, Aircraft true airspeed at end of vector (ft/s).

The vector speed along the horizontal plane vy (ft/s) is then:

v+ v,
Vg = >

COS Y Eq.3-78

The segment speed can be used with Eq. 3-18 to calculate a new bank angle at the end of the segment,
&5.

3.7 BADA 4 Analysis of Profile-Driven Flight Performance

3.7.1 Overview

AEDT supports BADA 4 analysis of flight performance for procedural profiles. This primarily relies on the
BADA Total Energy Model (TEM) for flight kinetics modeling, but SAE-AIR-1845/Doc 29 analysis is applied
to some kinematics and thrust computations.

3.7.2 Aircraft Types

Both the ANP and BADA 4 datasets include data for jet (turbofan), turboprop, and piston-engine aircraft
types. AEDT only supports BADA 4 performance analysis for jet aircraft, which constitute 95 of 105
aircraft in the BADA 4.2.1 dataset. AEDT will provide a warning to the user if an aircraft with a
combination of ANP model and BADA 4 model that is not approved for regulatory use by FAA is included
in a metric result or in an operation group.
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3.7.3 Aerodynamic Configuration Selection

The settings of an airplane's high-lift devices, landing gear, and speed brakes comprise its aerodynamic
configuration (less formally, "flaps" or "flap setting"). Procedure step definitions can specify the
aerodynamic configuration to be used for the step in two ways: as an ANP configuration and/or as a
BADA 4 configuration.

BADA 4-based computation of the aerodynamic forces acting on an aircraft during a procedure step
requires a BADA 4 configuration. If the BADA 4 configuration is specified directly in the step definition,
then AEDT uses the specified configuration in BADA 4 analysis of that step. If the step doesn't have a
BADA 4 configuration, but has an ANP configuration, AEDT uses the BADA 4 configuration that
corresponds to the specified ANP configuration, according to an ANP-to-BADA 4 mapping specific to the
aircraft equipment (see Section 3.7.3.1). If the step has neither type of specification, the BADA 4
configuration is assigned based on the aerophase of the procedure step (see Section 3.7.3.2).

3.7.3.1 ANP-to-BADA 4 Configuration Map

Each AEDT airplane is a union of ANP, EDB, BADA Family 3, and for certain airplanes, BADA Family 4 data
sources. Each airplane that includes a BADA 4 airplane in its composition will also be tied to an ANP
airplane. When an airplane has both an ANP data and BADA 4 data, its definition includes a map from
each ANP flap setting to a BADA 4 configuration. Table 3-6 shows a sample mapping dataset for an
airplane composed of an A320-211 ANP airplane and an A320-212 BADA 4 airplane.

Table 3-6 ANP-to-BADA 4 configuration map for an AEDT airplane composed of an A320-211 ANP
airplane and an A320-212 BADA 4 airplane.

ANPID ANP Flap ID ?\;IA::e? Posl:tligo: I;\Ilf:me La:i?iltgif: -
A320-211 ZERO_A A320-212 CLEAN Gear Up
A320-211 ZERO A320-212 CLEAN Gear Up
A320-211 1A A320-212 CONF 1 Gear Up
A320-211 1 A320-212 CONF 1 Gear Up
A320-211 1+F A320-212 | CONF 1+F Gear Up
A320-211 2.V A320-212 CONF 2 Gear Up
A320-211 3_D A320-212 CONF 3 Gear Down
A320-211 2D A320-212 CONF 3 Gear Down
A320-211 FULL_D A320-212 FULL Gear Down

3.7.3.2 Aerophase-to-BADA 4 Configuration Map

The BADA Family 4 model and its datasets classify the phases of aircraft flight into five distinct values:
takeoff, initial-climb, cruise, descent, and landing. These phases (deemed aerophases) are used by the
BADA Family 4 model to categorize the different flight dynamics experienced by aircraft throughout
different portions of the flight. The inclusion and use of aerophases by the BADA Family 4 model and
datasets assists the aircraft trajectory modeling process by providing guidance with regard to the most
suitable aerodynamic aircraft data to use throughout the distinct phases of flight.
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For procedure steps without an ANP flap setting (e.g., idle-descend steps), the aerophase assigned to
the procedure step is used as the basis to select a BADA 4 configuration. BADA 4 aircraft include a
mapping of the default BADA 4 configuration to use for each aerophase.

3.7.4 Speed Conversions

In the BADA 4 analysis of procedure profiles, the conversion between the calibrated and true airspeeds
as well as Mach number is achieved through BADA-specified relations.

The following equation yields true airspeed from calibrated airspeed:

2 P P, N ~1
vras = [0S <1 +F0' (1+%.’;_2.ng5)#_ 1]) —1p,u =yT Eq. 3-79
where
Vras  Aircraft true airspeed [m/s];
p Local atmospheric density [kg/m3];
P Local atmospheric pressure [N/m?];
Py ISA sea-level pressure [N/m?];
Po ISA sea-level density [kg/m3];
u Ratio of gas constant to specific heat at constant pressure [dimensionless]; and
y Isentropic expansion coefficient for air [dimensionless].

Calibrated airspeed is determined from true airspeed by the inverse of the previous relation:

2 P, P wop p “
= - =2 1+—-{1+=-= 2 -1 -1 Eq. 3-80
Vcas \]# 0 {( Py [( 5P vTAs)

Mach number is related to true airspeed by:

Vpas=M-\Jy-R-T Eq. 3-81
where
Vras  Aircraft true airspeed (m/s);
R Real gas constant for air [m?/ (K s?)];
T Local atmospheric temperature [K]; and
M Aircraft Mach number [dimensionless].
Groundspeed is obtained from:
Ug = vTAS — Wp Eq 3-82
where
Vg Aircraft groundspeed [m/s];

vras  Aircraft true airspeed [m/s]; and
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Wy, The magnitude (positive or negative) of headwind experienced by the aircraft [m/s].

3.7.5 Input Track Modeling

BADA 4 analysis of procedure profiles models performance for operations using either point or vector
input tracks. Runway and runway end constraints (e.g., displaced threshold, crossing height) are also
obeyed within BADA 4 modeling of procedural content. The application of these constraints can lead to
the common situation in which the modeled ground track used by performance calculations differs
slightly to the input ground track supplied to the system.

The chief difference between AEDT’s SAE-AIR-1845/Doc 29 and BADA 4 track modeling, is that the SAE-
AIR-1845/Doc 29 analysis projects the geographic coordinates which specify an input track (either
explicitly in the case of point-tracks or implicitly in the case of vector tracks) into a 2-dimensional
projected coordinate system. BADA 4 analysis does not project input track points and maintains them in
a geographic coordinate system.

Each track point in the modeled ground track used in performance calculations has an associated
distance from the start of the track. This distance is known as a track coordinate. The first track point
has a track coordinate of zero while the last track point has a track coordinate equal to the total length
of the modeled ground track. The determination of the exact geographic location of any calculated
performance state is achieved by utilizing the horizontal movement of the calculated performance state
as a means of determining the calculated state’s track coordinate.

The procedural operation only traverses the portion of the modeled ground track that is required by the
procedural profile. There is no extension of performance along the entire length of the ground track.

3.7.5.1 Insertion of Interpolated Performance States

A 4-dimensional aircraft trajectory is computed one procedure-driven performance state at-a-time. By
calculating the track coordinate of a newly-computed performance state, an algorithm determines if the
newly-computed performance state overran one or more input ground track points. If so, an
interpolated performance state for each overrun ground track point is added to the computed aircraft
trajectory. An interpolated performance state that corresponds to an input ground track point is
expected to appear in the final modeled aircraft trajectory.

If a newly-computed performance state is within 10 feet of overrun ground track point, an interpolated
point for the overrun track point is not added to the computed aircraft trajectory because the near-
enough computed performance state is considered to satisfy the ground track point’s location.

The performance quantities (e.g., thrust, speeds, altitude) of an interpolated performance state are
linearly interpolated from the performance states that bound the interpolated performance state. This
calculation is described by:

finter - fl
Xinter = X1 + [+ (xz - x1),f = W Eq. 3-83
2 1
where
Xinter Interpolated value for general performance quantity;
X1 Lower bound value of general performance quantity;
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Xy Upper bound value of general performance quantity;
f Fractional distance [dimensionless] of interpolated state;
Pinter  Track-coordinate of interpolated performance state;
44 Track-coordinate of lower bound performance state; and
4, Track-coordinate of upper bound performance state.

3.7.6 Procedure Step Components

This section describes how each procedure step type is used in conjunction with BADA 4 airplane data to
calculate the performance states for each individual procedure steps. A performance state is a 4-
dimensional position (three spatial dimensions as well as time) of an aircraft in addition to other
properties such as aircraft speed, thrust, and fuel burn. A complete set of such performance states
defines a fully modeled 4-dimensional aircraft trajectory.

The calculation of thrust, drag, and fuel burn for each performance state computed during the
processing of a procedure step is described in Section 3.7.8 Thrust, Section 3.7.9 Drag, and Section
3.7.10 Fuel Flow.

3.7.6.1 Takeoff Step

In order to capture the large increase in speed experienced by an aircraft during ground roll, the takeoff
procedure step is split into multiple segments based on speed in a similar (although not identical)
fashion as described ECAC Doc 29. A more general form of the Document 29 equation (Doc 29 Equation
3-4a) used to determine the number of segments into which a takeoff step is to be broken down into is:

Ngeg = int <1 + M) Eq. 3-84
Cspeed
where
Nseg Number of segments in takeoff ground roll when segmenting based on speed;
int(x)  Function that returns the integer part of x;
Sy Initial takeoff (ambiguous) speed;
S5 Final takeoff (ambiguous) speed; and

Cspeea  SPeed segmentation constant.

Document 29 recommends that the takeoff ground roll be segmented on the basis of groundspeed.
BADA 4 analysis uses a calibrated speed segmentation constant of 20 knots, as the basis for segmenting
a takeoff procedure step.

3.7.6.1.1 Setting Aerophase
The aerophase for each performance state within the takeoff ground roll is set to the takeoff aerophase.

3.7.6.1.2 Calculate End-Of-Ground-Roll Speed
The final calibrated airspeed at the end of ground roll is calculated by using SAE-AIR-1845 equation (A7):

v, = Cp VW Eq. 3-85

where
v, Initial climb calibrated airspeed [knots];
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Cr Takeoff speed coefficient (obtained from procedure step flaps setting) [knots/+/Ibf]; and
w Departure profile weight [Ibf].

3.7.6.1.3 Calculate Ground Roll Distance
Takeoff ground-roll distance is calculated by using SAE-AIR-1845 equation (A6):

178% Eq. 3-86
B -6 (%)
Sg = 7.
N(3),
where
Sy Ground-roll distance [ft.];
By Ground-roll coefficient, which depends on the flaps setting [ft./Ibf];
6 Temperature ratio at the airport elevation [dimensionless];
o) Pressure ratio at the airport [dimensionless];
N Number of engines supplying thrust; and
(%") Corrected net thrust per engine [Ibf] at the end of takeoff step.
2

The takeoff ground-roll distance is corrected for headwind, by using SAE-AIR-1845 equation (A16):

_ Sg ’ (vz _W)Z

S =2 Eqg. 3-87
gw (v, —8)2 a
where
Sqw Ground-roll distance [ft.] corrected for headwind;
v, Initial climb calibrated speed [knots]; and
w Headwind at the start of ground roll [knots].

BADA 4 analysis does not apply the runway-gradient-based correction to ground roll length that is
applied to the SAE-AIR-1845/Doc 29 analysis. This correction for runway gradient is discussed in Section
3.6.2.7.2 Takeoff Ground Roll Step.

3.7.6.1.4 Calculate Acceleration and Duration

The ground-based acceleration is assumed to be constant for each segment of the takeoff ground roll,
and is calculated by:

g2
Agr = Eqg. 3-88
g 2. Sqw
where
Agr Ground-based acceleration [m/s?] experienced throughout ground roll; and
Vg2 Final ground roll groundspeed [m/s];

The time, t to traverse each segment of the takeoff ground roll, is calculated as:
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tagur = (Ug.Za vg,l) Eq. 1
agr
where
t The time [s] spent on traversing a segment of the ground roll;
Vg2 The target groundspeed [m/s] of the current segment; and
Vg1 The initial groundspeed [m/s] of the current segment.

3.7.6.1.5 Calculate Track Length
The track length of the entire takeoff ground roll is equal to the quantity (S,,,) defined in Eq. 3-87.

3.7.6.2 Constant-CAS Climb Step

A constant-CAS climb procedure step attempts to climb to an altitude specified by the procedure step
itself while climbing at a constant calibrated airspeed whose value is equal to the calibrated airspeed of
the performance state that corresponded to the end of the previous procedure step.

Constant-CAS step calculations are segmented based on 1,000 foot increments of altitude, with the
exception of the initial climb step of a procedure profile. The initial climb step in a departure procedure
profile is segmented based on a set of constant Document 29 initial-climb (above runway end) altitudes
(shown in Table 3-7). In the event that the initial constant-CAS climb procedure step specifies a final
altitude lower than any of the Doc 29 initial climb step segmentation altitudes, then any Doc 29 initial
climb step segmentation altitudes will not appear in the performance states generated for the initial
climb step (nor for any other subsequent steps).

Table 3-7 ECAC Doc 29-specified initial climb procedure step segmentation altitudes.

Segment End Altitude
Above Runway End (m)
18.9
41.5
68.3
102.1
147.5
214.9
3349
609.6
1289.6

All subsequent climb steps are segmented such that a performance state is constructed for each 1,000-
ft. increment above the runway end (ARE).

Calculation of performance states for each altitude target of a constant-CAS climb procedure step is
described in the following subsections.

3.7.6.2.1 Setting Aerophase

The aerophase of the aircraft at the altitude target is explicitly set equal to the aerophase of the
previously-computed performance state.
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3.7.6.2.2 Calculate Energy Share

When determining the energy share for the initial performance state within a segment of a constant-
CAS climb procedure step, a modified form of the equation for energy share for a constant-CAS climb
below the tropopause (4.1-10) from the BADA 4 User Manual is used. AEDT modifies the equation in the
BADA 4 User Manual to use the actual local temperature gradient as well as the actual local pressure
gradient in order to be able to model aircraft performance in non-static atmospheres.

dT
KRgp T —AT
ES=(1+ M
290 T
dP . = . s -1 Eq. 3-89
- F K — K—1 K — K—1
+—dh (1 + MZ) (1 + M2> -1
PYo 2 2
where
ES Energy share [dimensionless] at a particular location along the aircraft trajectory;
K Adiabatic index of air [dimensionless];
R Real gas constant of air [m?/(Ks?)];
9o Gravitational acceleration [m/s?];
% The observed rate of change of temperature with respect to increasing altitude [K/m];
- % The observed rate of change of pressure with respect to decreasing altitude [Pa/m];
T Local temperature of air [K];
AT Temperature differential at mean sea level;
p Local density of air [kg/m?]; and
M Aircraft Mach number [dimensionless].

3.7.6.2.3 Calculate Drag and Thrust
Drag is determined per the BADA 4 drag model appropriate to the BADA 4 configuration of the aircraft.
Thrust is calculated according to logic described in Section 3.7.8 Thrust.

3.7.6.2.4 Calculate Climb Rate and Acceleration

The instantaneous climb rate and acceleration of a particular performance state is determined using
equations derived from the BADA’s Total Energy Model (TEM). Climb rate and acceleration (with the air
mass as the reference frame) are as follows:

Th, — Dy)v
ROCl=( 1 mgl) TAS1 | po
0

Eq. 3-90
(Thy — Dl)vTAs,l —mygoROC,

Mq1VTss1

Aair1 =

where
ROC; Rate of climb [m/s] of the aircraft at the initial state of the current segment;
Agir1 Aircraft acceleration [m/s?] (in the direction of motion with respect to the air-mass);
Th, Total Thrust [N] across all aircraft engines at the initial state of the current segment;
D, Drag [N] experienced by the aircraft at the initial state of the current segment;
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my Aircraft mass [kg] of initial state of current segment;
9o Gravitational acceleration [m/s?]; and
Vras1  Trueairspeed [m/s] of the initial state of the current segment.

3.7.6.2.5 Calculate Time and Speed

The rate of climb and the acceleration of the aircraft at the current performance state is assumed to be
constant from the current to the target performance state. The duration of the segment from the
current to the target performance state is calculated as follows:

h,—h
Laur = (IZQO—Cll) Eq.3-91
where
taur Total duration [s] of the segment;
h, The altitude [ft.] at the target state of the current segment; and
hy The altitude [ft.] at the initial state of the current segment;

The true airspeed (from which ground speed and Mach number are determined) of the target
performance state is calculated as follows:

Vras2 = Vrasa t Qairtaur Eqg. 3-92
where
Vrasz  True airspeed [knots] at the target state of the current segment; and
Vras1  True airspeed [knots] at the initial state of the current segment.

3.7.6.2.6 Calculate Track Length
The track length for each segment of a climb step is defined by the following equation:

{)seg = CoS <M> . % . tdurJ % — M Eq 3_93
Uy * taur 2
where
Yseg Track (horizontal) length [ft.] of the segment;
Uy Average groundspeed [ft./s] of the current segment;
Vg2 Groundspeed [ft./s] at the target state of the current segment; and
Vg1 Groundspeed [ft./s] at the initial state of the current segment;
taur Total duration [s] of the segment;
h, The altitude [ft.] at the target state of the current segment; and
hq The altitude [ft.] at the initial state of the current segment.

3.7.6.3 (Climb-Rate-Based and Percent-Based Acceleration Step

Climb-rate-based and percent-based acceleration procedure steps are both defined with a final target
calibrated airspeed to be achieved by the procedure step. For the BADA 4 analysis of acceleration
procedure steps, the steps are segmented such that the aircraft attempts to achieve calibrated airspeed
targets that are repeatedly incremented by 5 knots until it reaches the final target of the procedure
step.
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3.7.6.3.1 Setting Aerophase
The aerophase of the aircraft at the altitude target is explicitly set equal to the aerophase of the
previously-computed performance state.

3.7.6.3.2 Calculate Speed and Thrust

Since the calibrated airspeed at the target state is a known quantity, an estimate of true airspeed at the
target state is made by making use of a BADA true airspeed to calibrated airspeed conversion (that uses
the atmospheric properties at the initial state of the current segment). Thrust at the target state of the
current segment is similarly estimated using the atmospheric properties at the initial state.

3.7.6.3.3 Calculate Drag

Drag is calculated per the BADA 4 drag model appropriate to the BADA 4 configuration of the aircraft.
Acceleration segments are calculated in regions of 5 knot increases in airspeed; this BADA 4-specific
method of breaking the acceleration segments into shorter, speed-increment-based segments allows
the TEM methods to use the high-fidelity BADA 4 drag models to account for the increase in drag due to
increasing speed. Thrust is calculated according to logic described in Section 3.7.8 Thrust.

3.7.6.3.4 Calculate Acceleration

Calculation of the acceleration experienced by the aircraft during the procedure step depends on
whether the procedure step is a climb-rate-based or a percent-based acceleration procedure step. For
climb-rate-based acceleration procedure steps, the air-mass-based acceleration is computed as follows:

(Thavg - D1)77TAS,1 —mygoROC,

Mq1VTss1

Eq. 3-94

Aair1 =

where
Agir1 Aircraft acceleration [m/s?] (in the direction of motion with respect to the air-mass);
ROC, Rate of climb [m/s] at initial state of the current segment (imposed by the step);
Theyy  Average total thrust [N] across all aircraft engines (set equal to thrust at initial state);

D, Drag [N] at initial state of current segment experienced by the aircraft;
my Aircraft mass [kg] at initial state of the current segment;
9o Gravitational acceleration [m/s?]; and

Vras1  Aircraft true airspeed [m/s] at the initial state of the current segment.

For percent-based acceleration procedure steps, acceleration is calculated using the equations that
constitute Eq. 3-90 with the exception that the percent associated with the percent-based acceleration
procedure step is substituted for the energy share term.

3.7.6.3.5 Calculate Duration and Target Altitude
The duration of the segment from the current to the target state is calculated using:

v -V
tgur = ( TAS,2 TAS,l) Eq 3.95

aair,l

where
taur Total duration [s] of the segment;
Vrasz  The estimated true airspeed [knots] at the target state of the current segment; and
Vrasa ~ The true airspeed [knots] at the initial state of the current segment.
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The altitude achieved at the target state is computed as follows:

h, = hy + ROC; - tgyr Eqg. 3-96
where
h, Altitude [ft.] achieved at the target state of the current segment; and
hy Altitude [ft.] at the initial state of the current segment.

3.7.6.3.6 Calculate Track Length
The track length of each segment of an acceleration step is defined by Eqg. 3-93.

3.7.6.4 Descend Step

3.7.6.4.1 Altitude-Based Segmentation

Descend procedure steps are defined by a start altitude, start calibrated airspeed, and the geometric
angle at which the aircraft is to descend. This step types flies to the altitude and calibrated airspeed
specified by the next procedure step. The BADA 4 analysis of descend procedure steps segments a
procedure step on the basis of altitude. Instead of immediately generating a performance state at the
end of the procedure step, the algorithm computes a performance state 1,000 ft. less than its current
altitude until it reaches the altitude specified at the end of the procedure step. The target calibrated
airspeeds at each of the target altitudes are derived from a linear interpolation of the calibrated
airspeed at the start and end of the descent procedure step.

Steps whose vertical altitude decreases by less than 1,000 ft. will not experience this type of
segmentation, instead descending directly from their start to the final target altitude/speed.

3.7.6.4.2 Calculate Target Altitude and Speed

Since the target altitude and calibrated airspeed are known, an estimate of target true airspeed, Mach
number, and ground speed can be calculated using weather sampled at the target altitude. These
calculated speed quantities are considered estimates since the weather sampling is performed at the
latitude, longitude, and time (a full date and time-of-day) of the current performance state.

3.7.6.4.3 Calculate Flight Descent Angle

For air-mass-based calculations, the air-mass-based flight angle is determined using the following
equation:

! w v +v
A= B = h ,Q = Az — BZ + 1 lﬁTAS — TAS,2 TAS,1

tany’~  Uras 2
Eq. 3-97
__,(-BA-Q
o= (2A29)
where

a The flight angle [rad] of the segment;
y The descent angle [rad] of the segment (and of the procedure step);
wy The magnitude of the headwind [knots] experienced by the aircraft;

Vras1  Aircraft true airspeed [knots] of initial state of current segment;
Vras2  The true airspeed [knots] of final state of current segment; and
Uras The average true airspeed [knots] for the segment.
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3.7.6.4.4 Calculate Duration, Drag, & Thrust
The duration of the segment is estimated as:

h, —hy
taur —-5;;;f25;7; Eq. 3-98
where
taur Duration [s] of the segment;
hy Altitude [ft.] of the initial state of the current segment; and
h, Altitude [ft.] of the target state of the current segment.

Drag is calculated per the BADA 4 drag model appropriate to the BADA 4 configuration of the aircraft.
Thrust is calculated according to logic described in Section 3.7.8 Thrust.

By using the calculated drag, an estimate of thrust is produced for the initial state of the current
segment. The estimate of thrust for the initial state is based on the BADA TEM and is expressed as:

Thy =Dy +my (go sina + M) Eqg. 3-99
tdur
where
Thy Thrust [N] at initial state of current segment for all engines;
D, Drag [N] at initial state of current segment; and
my Aircraft mass [kg] of initial state of current segment.

3.7.6.4.5 Calculate Track Length
The track length of each segment of a descend step is defined by Eq. 3-93.

3.7.6.5 Descend-Idle Step

3.7.6.5.1 Altitude-Based Segmentation

Altitude segmentation for descend-idle procedure steps is the same as for descend procedure steps,
described in Section 3.7.6.4.1 Altitude-Based Segmentation.

3.7.6.5.2 Setting Aerophase

During calculation of a performance state for a descend-idle procedure step, the aerophase of the
aircraft at the altitude target is explicitly set equal to the aerophase of the previously-computed
performance state.

3.7.6.5.3 Calculate Target Altitude and Speed

The calculation of each target altitude in addition to speeds (true airspeed, groundspeed, and Mach
number) is performed the same as for descend procedure steps, described in Section 3.7.6.4.2 Calculate
Target Altitude and Speed.

3.7.6.5.4 Calculate Flight Descent Angle

The calculation of flight descent angle is performed the same as for descend procedure steps, described
in Section 3.7.6.4.3 Calculate Flight Descent Angle.
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3.7.6.5.5 Calculate Duration & Thrust

Duration of a flight segment within a descend-idle procedure step is performed on the basis of the
computed groundspeed of current performance state (i.e., the starting point of the segment) and the
target performance state (i.e., the end point of the segment).

hy — hy
iy = —20Y Vo1 Vg2 Eq. 3-100
Ug 2
where
taur Duration [s] of the segment;
hy Altitude [ft.] of the initial state of current segment;
h, Altitude [ft.] of the target state of the current segment;
y Descend angle [rad] of the segment (and of the procedure step);
Uy Average groundspeed [ft./s] of the segment;
Vg1 Groundspeed [ft./s] of the initial state of the current segment; and
Vg2 Groundspeed [ft./s] of the target state of the current segment.

In contrast to the TEM-based thrust calculation for descend procedure steps, descend-idle procedure
steps use the idle thrust rating of the propulsive forces model of their BADA 4 aircraft.

3.7.6.5.6 Calculate Track Length

The track length consumed by each segment of a descend-idle step is defined by the relations in Eq.
3-93.

3.7.6.6 Descend-Decelerate Step

Since the methodology used to calculate performance for a descend procedure steps considers the
possibility that the step subsequent to the descend procedure step specifies a calibrated airspeed that is
less than the calibrated airspeed of the descend procedure step, that same descend step methodology is
used to calculate aircraft performance for a descend-decelerate procedure step in the BADA 4 analysis
of procedure profiles.

3.7.6.7 Level Step

Level procedure steps typically occur in certain types of arrival procedures profile, but also occur in the
middle of circuit and beginning and end of touch-and-go procedure profiles. Level procedure steps are
not segmented based on speed, altitude (since it is constant), or length.

3.7.6.7.1 Setting Aerophase
The aerophase assigned to a level step is propagated to subsequent procedure steps of particular types.

For level steps flown in an arrival procedure step or in the arrival-like portions of either a circuit or
touch-and-go procedure profile, the assignment of aerophase depends on the altitude of the level
procedure step. When the level step occurs at or below the maximum altitude for the landing
aerophase, then aerophase is set explicitly as the landing aerophase. Aerophase is set as the approach
aerophase otherwise.

For level procedure steps flown in the departure-like portion of either a circuit or touch-and-go
procedure profile, aerophase is set as the initial climb aerophase.
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3.7.6.7.2 Calculate Speeds

The calibrated airspeed of the end point of a level procedure step is set equal to the calibrated airspeed
of the next procedure step (in the case of level steps in an arrival profile or in the arrival portion of a
touch-and-go or circuit profile), or the calibrated airspeed of the level step itself (in the case of level
steps in the departure portion of a touch-and-go or circuit profile).

From calibrated airspeed, estimates are generated for the true airspeed, Mach number, and
groundspeed of the target performance state. These calculated speed values are considered estimates
since the weather reading from which the atmospheric properties used to derive these quantities is
sampled at the same time and location as the initial performance state of the step.

3.7.6.7.3 Calculate Duration and Acceleration
The duration of the level step is calculated as follows:

£ Vg1 + U
_ g1 g2
t =,V = Eq. 3-101
dur 7, g 2 q
where
taur Duration [s] of the segment;
£ Length [ft.] of level step;
Uy Average groundspeed [ft./s] of the segment;
Vg1 Groundspeed [ft./s] of the initial state of the current segment; and
Vg2 Groundspeed [ft./s] of the target state of the current segment.

The air-mass-based acceleration (or deceleration) of the level procedure step is calculated by the
following equation:

Uras,2 — Vras
Agir = t, Eq. 3-102
ur
where

aqir  Acceleration [m/s?] (in the direction of motion with respect to the air-mass) of the
aircraft;

Vrasy1 Thetrue airspeed [knots] at the initial state of the current segment; and

Vras2 Thetrue airspeed [knots] at the target state of the current segment.

3.7.6.7.4 Calculate Drag & Thrust

Drag is calculated per the BADA 4 drag model appropriate to the BADA 4 configuration of the aircraft.
Thrust is calculated according to logic described in Section 3.7.8 Thrust.

Thrust for the initial state of the level segment is calculated in the same manner as Eq. 3-99 except that
the flight angle term is zero. When there is no change in speed, Eq. 3-99 reduces to:

Thl = Dl Eq 3'103
where
Thy Thrust [N] at initial state of the current segment for all engines; and
D, Drag [N] at initial state of the current segment.
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3.7.6.7.5 Calculate Track Length
The track length for a level step is defined by Eq. 3-93.

3.7.6.8 Level-Idle Step
Level-idle procedure steps are not segmented and only one target performance state is calculated for
the procedure step.

3.7.6.8.1 Setting of Aerophase

The aerophase of the aircraft at the target altitude is set equal to the aerophase of the previously-
computed performance state.

3.7.6.8.2 Calculation of Speed Properties
The calibrated airspeed of the end point of a level-idle procedure step is set equal to the calibrated
airspeed of the next procedure step.

Calculation of the speed properties derived from calibrated airspeed (i.e., true airspeed, Mach number,
and groundspeed) are accomplished in the same way as a level procedure step. These derived speed
properties are considered to be estimates since the weather reading used to calculate the derived speed
properties is sampled at the same time/location as the initial performance state of the level-idle step.

3.7.6.8.3 Calculate Duration & Thrust

The calculation of the duration of the level-idle segment is dependent on whether there is a change in
calibrated airspeed associated with the level-idle procedure step. In the event that there is not a change
in calibrated airspeed, segment duration is calculated by Eq. 3-101.

When there is a change in calibrated airspeed, segment duration is calculated by Eq. 27:

Vg2~ Vg
tgur = a—
gr
Eqg. 3-104
_ Ué’z - 17;1
“or 2¢
where
taur Duration [s] of the segment;
Vg1 Groundspeed [ft./s] of the initial state of the current segment;
Vg2 Groundspeed [ft./s] of the target state of the current segment;
Agyr Aircraft acceleration [m/s?] (in the direction of motion with respect to the ground); and
f Length [ft.] of level-idle step.

Level-idle procedure steps use the idle thrust rating of the propulsive forces model of their BADA 4
aircraft.

3.7.6.8.4 Calculate Track Length
Track length for a level-idle step is defined by Eq. 3-93, and is equal to the step’s defined distance.
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3.7.6.9 Level-Decelerate Step

Level-decelerate procedure steps begin with the final target calibrated airspeed to be achieved by the
procedure step. The BADA 4 analysis of level-decelerate procedure steps segments the procedure step
such that the aircraft attempts to achieve calibrated airspeed targets that are repeatedly decremented
by 5 knots until it reaches the final target of the procedure step.

3.7.6.9.1 Setting Aerophase
The aerophase of the aircraft at the altitude target is set equal to the aerophase of the previously-
computed performance state.

3.7.6.9.2 Calculate Speed Properties
The calibrated airspeed of the end point of a level-decelerate procedure step is set equal to the
calibrated airspeed of the next procedure step.

Calculation of the speed properties derived from calibrated airspeed (i.e., true airspeed, Mach number,
and groundspeed) are accomplished in the same way as a level procedure step. These derived speed
properties are considered to be estimates since the weather reading used to calculate the derived speed
properties is sampled at the same time/location as the initial performance state of each segment of a
level-decelerate step.

3.7.6.9.3 Calculate Duration & Acceleration

When there is a change in calibrated airspeed for a level-decelerate step, segment duration is calculated
by Eq. 3-104.

When there is no decrease in calibrated airspeed, segment duration is calculated by Eq. 3-101.

3.7.6.9.4 Calculate Drag & Thrust
Drag is calculated per the BADA 4 drag model appropriate to the BADA 4 configuration of the aircraft.
Thrust is calculated according to logic described in Section 3.7.8 Thrust.

By using the calculated drag, an estimate of thrust is produced for the initial state of the current
segment. This estimate is based on the BADA TEM and is expressed as:

Thy =Dy +my (—UTAS'Z UTAS'l) Eq. 3-105
tdur
where
Thy Thrust [N] at initial state of the current segment for all engines;
D, Drag [N] at initial state of the current segment; and
my Aircraft mass [kg] initial state of current segment.

3.7.6.9.5 Calculate Track Length
Track length for a level-decelerate step is defined by Eq. 3-93, and is equal to the step’s defined
distance.

3.7.6.10 Landing Step
Landing procedure steps are the portion of an aircraft’s landing on the runway before the aircraft begins
decelerating (for arrival and circuit procedure profiles) or accelerating (for touch-and-go procedure
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profiles). Even though a landing procedure step can model an aircraft deceleration, no segmentation on
the basis of speed is performed on the procedure step.

3.7.6.10.1 Setting Aerophase
The performance state calculated for the end point of a landing procedure step receives the landing
aerophase.

3.7.6.10.2 Calculate Speed Properties

The calibrated airspeed of the end point of a landing procedure step is set equal to the calibrated
airspeed of the next procedure step.

From calibrated airspeed, estimates are generated for the true airspeed, Mach number, and
groundspeed of the target performance state. These calculated speed values are considered estimates
since the weather reading from which the atmospheric properties used to derive these quantities is
sampled at the same time and location as the initial performance state of the step.

3.7.6.10.3 Calculate Duration
Duration is calculated by Eq. 3-101.

3.7.6.10.4 Calculate Thrust

The initial performance state of a landing step receives its value of thrust from the previous procedure
step while the target (final) performance state of the landing step receives its thrust value from the next
procedure step.

3.7.6.10.5 Calculate Track Length
The track length of a landing step is equal to the step’s defined distance.

3.7.6.11 Landing-Decelerate Step

Landing-decelerate procedure steps are used to model the deceleration of an aircraft landing on a
runway (referred to as reverse-thrust landing-decelerate steps) as well as a cap signifying the end of an
aircraft’s movements on the runway (referred to as end landing-decelerate steps). Modeling of landing-
decelerate procedure steps is performed such that each segment nominally models a decrease of 20
knots in groundspeed.

3.7.6.11.1 Setting Aerophase
The performance states for a landing-decelerate procedure step are assigned the landing aerophase.

3.7.6.11.2 Calculate Speed Properties

A landing-decelerate procedure step models segments with successively decreasing groundspeed
targets. The derived speed properties of each target performance state modeled by a landing-decelerate
step are true airspeed, calibrated airspeed, and Mach number.

The calibrated airspeed target of the next procedure step (whose value is specified in knots), is
interpreted as a groundspeed target.

These derived speed properties of a target performance state are considered estimates since the
conversion of groundspeed to the other speed properties at the target state used a weather reading
taken at the time and location of the performance state previous to the target state.
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3.7.6.11.3 Calculate Duration
The duration of a landing-decelerate procedure step segment is calculated by Eq. 3-104.

3.7.6.11.4 Calculate Thrust

The thrust calculated for the initial performance state of landing-decelerate procedure step is equal to a
percent of the static thrust of the ANP aircraft dictated by the procedure step. The thrust for the final
performance state of the landing-decelerate procedure step is equal to the percent of static thrust of
the ANP aircraft dictated by the next procedure step (which is an end landing-decelerate procedure
step).

This type of thrust modeling is discussed in Section 3.6.2.7.14 Landing Ground Roll Step.

3.7.6.11.5 Calculate Track Length
The track length for a landing-decelerate step is defined by Eq. 3-93.

3.7.7 Behavior Above 10K MSL

The BADA 4 analysis of procedure profiles limits departure procedures to below 10,000 ft. MSL. At and
above 10,000 ft. MSL, obedience to procedure steps is abandoned and a departure operation will
instead fly under different behavior (described below) until it reaches 10,000 above the departure
runway end (ARE).

For takeoff procedure steps where the departing runway elevation is at or above 10,000 ft. MSL,
operations only model the procedural profile’s takeoff step (no airborne procedure steps from the
aircraft’s profile are modeled). The airborne trajectory is computed using the methodologies described
in this section.

At 10,000 ft. MSL, the behavior of the departing aircraft depends on whether the aircraft’s calibrated
airspeed is lower than the BADA 4 aircraft-specific climb-out calibrated airspeed. Aircraft at or above
this calibrated airspeed will climb at constant calibrated airspeed to 10,000 ft. ARE. Aircraft below the
climb-out calibrated airspeed will climb using a CAS-acceleration to the climb-out calibrated airspeed. If
the 10,000 ft. ARE altitude has still not been reached, then the operation flies a constant-CAS climb to
the aircraft-specific Mach transition altitude.

The BADA 4 configuration selected by the departing step depends on a performance state’s assigned
aerophase.

All computed departure profiles are clipped such that they terminate at exactly 10,000 ft. ARE.

3.7.7.1 Accelerate to Climb-Out Calibrated Airspeed

The acceleration to the aircraft-specific climb-out calibrated airspeed is segmented based on calibrated
airspeed increments of 10 knots. The aircraft is constrained to perform its increasing-CAS climb at an
energy share factor of 0.3.

3.7.7.1.1 Calculate Climb Rate & Acceleration
The rate of climb as well as the air-mass-based acceleration of the initial state of the current segment
are calculated by Eqg. 3-90.
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3.7.7.1.2 Calculate Segment Final Altitude
The segment final altitude is determined by solving the following equation by Secant Method iteration:

1—-ES
U’IZ"AS,Z - U%As,1 = 290" S (h, —hy) Eq. 3-106

Vrasz  Trueairspeed [m/s] at the target state of the current segment;
Vrasy  True airspeed [m/s] at the initial state of the current segment;

9o Gravitational acceleration [m/s?];

h, Altitude [m] at the target state of the current segment;

hq Altitude [m] at the initial state of the current segment; and

ES Energy share [dimensionless] imposed on the current segment.

An initial guess for the target state of the current segment is provided to the iteration algorithm. The
target true airspeed is generated from the known value of the target calibrated airspeed in conjunction
with a weather reading sampled at the geographic location (latitude, longitude) and time of the initial
state, but at the altitude of the target state.

3.7.7.1.3 Determine Aerophase

Once an altitude has been determined for the target state, the aerophase of the target state is set.
Target state’s whose altitude is at or below the takeoff threshold altitude (measured above runway end)
receive the takeoff aerophase. Target state’s whose altitude is at or below the initial climb threshold
altitude (measured above runway end) and above the takeoff threshold altitude receive the initial climb
aerophase. Target altitudes states above the initial climb threshold receive the cruise aerophase. The
aerophase assigned to the target state determines the BADA 4 configuration used in the calculation of
thrust and drag at the target state.

3.7.7.1.4 Calculate Segment Geometry
The geometry of the segment is calculated by the following:

€2m190
‘BZ - hZ - hlJexyz - ES - (Thz _ Dz)
Eq. 3-107
1t
y = sin 7 ylxy = €xyz * COSY
xXyz
where
£, Vertical displacement [m] of the current segment;
Cxyz Total length [m] traversed by the aircraft in the current segment;
#xy Horizontal displacement [m] of the current segment;
h, Altitude [m] at the target state of the current segment;
hq Altitude [m] at the initial state of the current segment;
Th, Calculated thrust (across all engines) [N] for the target state of the current segment;
D, Calculated drag [N] for the target state of the current segment;
my Mass [kg] of the aircraft at the initial state of the current segment; and
y Geometric flight angle [rad] of the current segment.
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Modeling of the accelerating-CAS climb stops if either the target state’s calibrated airspeed is equal to
the climb-out calibrated airspeed for the aircraft or the target state’s altitude is equal to or greater than
10,000 ft. ARE.

3.7.7.2 Constant-CAS Climb to Mach Transition Altitude

The constant-CAS climb to the Mach transition altitude is segmented based on 1,000-foot increments of
altitude. The climb continues until either a 10,000 ft. ARE target state is reached, the aircraft-specific
Maximum climb-out Mach number is reached (the constant-CAS climb experiences an increasing Mach
number), or the climb reaches the aircraft’s Mach transition altitude.

3.7.7.2.1 Calculate Speeds

Using the calibrated airspeed of the target state (which is equal to that of the initial state) and a weather
reading sampled at the geographic location and time of the initial state of the current segment and the
altitude of the target state (which is 1,000 ft. greater than that of the initial state), estimates are
generated for the true airspeed, Mach number, and groundspeed.

3.7.7.2.2 Determine Aerophase and Energy Share

Aerophase for each target state is determined based on the altitude of that target state as outlined in
Section 3.7.7.1.3 Determine Aerophase.

The energy share at the target state is determined by Eq. 3-89 (which is the same equation used in
constant-CAS climb procedure steps).

3.7.7.2.3 Determine Segment Geometry

The thrust and drag at the target state are calculated using the default BADA 4 configuration that
corresponds to the aerophase assigned to the target state:

4290
{,=h, —hy, Loy =
z 2 1 xXyz (Thz _ DZ) .
m air,1
1
Eq. 3-108
£
y =sin"t—=, £, =4,,, cosy
xXyz
where

£, Vertical displacement [m] of the current segment;
Cxyz Total length [m] traversed by the aircraft in the current segment;
Cry Horizontal displacement [m] of the current segment;

Agir Aircraft air-mass-based acceleration [m/s?] at the initial state of the current segment
(calculated using Eq. 3-90);

h, Altitude [m] at the target state of the current segment;

hy Altitude [m] at the initial state of the current segment;

Th, Calculated thrust (across all engines) [N] for the target state of the current segment;
D, Calculated drag [N] for the target state of the current segment;

my Mass [kg] of the aircraft at the initial state of the current segment; and

y Geometric flight angle [rad] of the current segment.
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3.7.7.3 Climb to 10K ft. ARE

Calculating performance for a direct constant calibrated airspeed climb from 10,000 ft. MSL to 10,000 ft.
ARE is performed using a similar process used to calculate performance for a constant calibrated
airspeed climb procedure step. The only significant variation between the two constant-CAS climb
methodologies is the above-10,000 ft. MSL climb sets aerophase of each target state using the same
altitude-based methodology described in Section 3.7.7.1.3 Determine Aerophase.

3.7.8 Thrust

BADA 4 analysis of procedure steps calculates thrust on the basis of the BADA 4 thrust model. This
section defines thrust calculation behavior that is not standard to the BADA 4 thrust model.

3.7.8.1 Corrected Net Thrust

BADA 4 thrust calculation methodologies yield net thrust (across all engines). The calculation of
corrected net thrust per engine from BADA 4 all-engine thrust is defined as follows:

(E) ___ Eq. 3-109
) 6 Neng,B4
where
(%") Corrected net thrust per engine [Ibf] at a performance state;
Th All-engine thrust [Ibf] at a performance state (calculated using BADA 4 methodologies);
0 Pressure ratio [dimensionless] at the performance state; and

Neng,pa Number of engines on the BADA 4 aircraft.

The conversion of SAE-AIR-1845/Doc 29 corrected net thrust per engine to all-engine net thrust (for use
in either TEM-based force balances or BADA 4 fuel burn calculations) is defined by the following:

F, ]
Th = (En) 8 Nlgng.anp Eq. 3-110

where
Neng,anp Number of engines on the ANP aircraft.

3.7.8.2 Noise Thrust

It is possible for descent-style procedure steps that use the Total Energy Model based equations to
calculate thrust that yields negative thrust values. Under such circumstances, negative thrust values
represent the situation where the drag experienced by the aircraft is higher than the thrust being
produced by the aircraft’s engines.

In order to preserve the negative thrust values that yield insight into the aircraft’s aerodynamic state but
also provide thrust values that are useful to the acoustics module, BADA 4 analysis of procedure-driven
operations persists both the potentially-negative thrust values (as corrected net thrust) calculated
during performance calculations as well as a version of same value of corrected net thrust that is capped
at 1 pound-force in the event that the calculated thrust is less than the cap value. This capped value of
thrust is persisted in performance results as noise thrust.
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3.7.8.3 Takeoff Thrust Transition

ECAC Doc 29 provides a recommendation that the abrupt change from takeoff to climb thrust that
occurs in departures from the runway be modeled instead as a gradual transition over 1,000 ft. of
horizontal aircraft travel distance. Figure schematically represents the insertion of a thrust transition
state in between two performance states. A takeoff thrust transition segment is inserted within the first
segment to switch to from takeoff to climb thrust. State 1 represents the last computed performance
state to use a takeoff thrust rating while state 2 represents the first computed performance state to use
a climb thrust rating. A thrust transition state is added in order to model a more gradual reduction in
thrust. The track distance s: represents the track (horizontal) distance from state 1 to the thrust
transition state while s, represents the track distance from state 1 to state 2.

Thrust

State 1
L

Thrust Transition State
®

State 2

Track Distance
Figure 3-10 lllustration of takeoff thrust transition segment insertion.

The thrust transition state’s performance values (e.g., speeds, thrust, fuel flow) are calculated as linear
interpolations of the two calculated performance states that bound it. The exact distance ahead of the
lower bound performance state (state 1 in Figure 3-10) at which to place the thrust transition state is
determined by the following equation:

. S2 E
= = g.3-111
St mln(2 ,1,000 ft.)
where
St Distance [ft.] from state 1 to the thrust transition state; and
S, Distance [ft.] from state 1 to state 2.

3.7.8.4 Takeoff & Climb Thrust

Under circumstances where an aircraft is flying at an excessively low Mach number or where data gaps
exists for specific thrust ratings, the calculation of thrust in the BADA 4 analysis of procedure steps
follows the process outlined in this section.
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Takeoff procedure steps (which always request takeoff thrust type) are modeled with ANP jet thrust
coefficients and not with BADA 4 thrust ratings (takeoff or otherwise).

For BADA 4 jet aircraft without takeoff rating data, procedure steps that request a takeoff thrust rating
are modeled using their respective ANP jet thrust coefficients.

For step types that request one of the climb thrust types, the BADA 4 climb rating is used for thrust
calculations.

3.7.8.5 Landing-Decelerate Thrust

The BADA 4 analysis of landing-decelerate procedure steps uses the percent-of-static thrust model
(based on the static thrust of the ANP airplane) available for use by that procedure step type. Landing-
decelerate procedure steps use reverse-thrust to assist in decelerating the aircraft on the runway
because a reverse-thrust thrust setting is not available in the BADA 4 thrust model.

A reverse-thrust landing-decelerate procedure step models thrust for all but the first performance state
on the runway (i.e., the touch-down point) for arrival procedure profiles.

3.7.8.6 Reduced Departure Thrust

3.7.8.6.1 Introduction

The current section focuses on the reduced thrust implementation in the BADA 4 domain. Specific
details are not given, because the BADA 4 data and methods are proprietary to EUROCONTROL. In
addition, the related minimum thrust level methodology and the reduced-thrust to full-thrust taper
mechanism are covered.

Official BADA 4 modeling methods is described in detail in the BADA 4 User Manual®. A general
discussion of the BADA 4 data and methods is provided in Section 12 Appendix — BADA 4 Model. Note
that the BADA 4 temperature-dependent engine performance is modeled slightly differently than the
description given below; to maintain EUROCONTROL's proprietary interests, the details have been
changed slightly and made more generic.

3.7.8.6.2 Minimum Thrust Level Methodology

Turbofan engine behavior depends on whether they are operated above or below a known temperature
called the breakpoint temperature, ATy, .qx, Which defines two respective operation areas: the flat-
rated area, and the temperature-rated area.

The engine performance in the flat-rated area does not directly depend on the temperature, and can be
expressed as a function of the Mach number, M, and the local atmospheric conditions (other than
temperature).

The engine performance in the temperature-rated area does directly depend on the temperature, and
can be expressed as a function of the Mach number, M, and the local atmospheric conditions, including
the temperature.
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Direct implementation of the BADA 4 temperature methods as documented in ref 1 can lead to
unrealistic increases in the modeled thrust at the break point temperature, particularly when modeling
operations at periods with higher than normal atmospheric pressure. To avoid this behavior, BADA 4
analysis of procedures utilizes a so-called minimum thrust level methodology. At temperatures below
the breakpoint, the standard flat-rated BADA 4 thrust modeling methodology is used. At temperature
above the break point, the thrust is calculated using both the flat- and temperature-rated methods, and
the thrust is set to the minimum of these two values:

Friae, T < AT,
F = { flat break Eq.3-112

min(Ftempr Fflat) ’ T > ATbreak

3.7.8.6.3 Departure Thrust Taper

For BADA 4 analysis of procedure steps that call for a reduced thrust setting, the flat-rated BADA 4
thrust coefficient is scaled by the thrust reduction that corresponds to the procedure step’s thrust type,
and the thrust coefficients for both the full thrust and the reduced thrust conditions become:

Freaucea = Kreaucea * Fflat Eqg. 3-113

where the reduction coefficient, k,oquceq is specified as follows:

kreduced
( 1.00, full thrust

0.95, 5% reduced takeoff
= < 0.90, 10% reduced takeoff

0.90, 10% reduced climb

0.85, 15% reduced takeoff

The respective temperature-rated thrust is not affected by the reduced thrust conditions.

Eq. 3-114

At altitudes higher than 10,000 feet MSL, the engine thrust is increased to the BADA 4 climb thrust. To
avoid an unrealistic instantaneous jump from the reduced thrust setting to the un-reduced BADA 4
thrust, BADA 4 analysis of procedures uses a process referred to as fast taper. The lower taper level, H;
is fixed at 10,000 feet MSL, whereas the upper taper limit, H,, is adjustable through the AEDT user
interface. The upper taper limit has a default setting of 12,000 feet MSL. This allows the engine to
gradually change the thrust from the reduced thrust setting at the lower taper level to un-reduced BADA
4 climb thrust setting at the upper taper level. The taper coefficient, k;qpr, at altitude h MSL, is defined

as follows:
0,h < H,
k h=t o h<n Eq. 3-115
={—— H <h< q. 3
taper H, — H, 1 2
1Lh>H,

The equation for the flat area thrust, which takes into account both the reduced thrust and taper
conditions, reads as follows:
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Fflat,taper = [kreaucea + (1 — Kreducea) * ktaper] ' Fflat Eqg. 3-116

Figure 3-11 demonstrates the transition from the reduced thrust to the full thrust engine setting for two
different taper upper limits, H, = 12,000 feet, and H, = 14,000 feet, using an example aircraft
modeled with BADA 4. The data labeled “no taper” correspond to the condition H, = H; = 10,000 feet.

—@— BADAA4 full power —@— BADA4 reduced taper, 12K
BADA4 reduced no taper —@—BADA4 reduced taper, 14K

75
70

65

) Reduced thrust, with and without taper
Noise thrust,

kib Tapering to full power

55

50

45

40
5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000

Altitude MSL

Figure 3-11 Reduced Thrust to Full Thrust Transition

3.7.8.6.4 Summary

In the procedural BADA 4 workflow of AEDT, the BADA 4 thrust is calculated using the minimum thrust
level methodology, (Eq.1). The BADA 4 flat rated thrust is subjected to thrust reduction that corresponds
to the procedure step’s thrust type, and the reduced thrust to full thrust taper mechanism (Eq.5) is used
if selected by the user.

3.7.9 Drag

AEDT uses the BADA 4 drag model for procedure-driven operations. The BADA 4 drag model is discussed
in the Section 12 Appendix — BADA 4 Model. The discussion is relatively high level due to proprietary
nature of the BADA 4 methods.

Independent of the drag model used to calculate the aircraft performance state’s drag coefficient, the
calculation of drag force is given by:
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1
D= E<SPOK5MZCD Eqg. 3-117

where
o) Local pressure ratio [dimensionless];
Py Standard atmospheric pressure at mean sea level [Pa];
K Adiabatic index of air [dimensionless];
S Aircraft-specific wing reference area [m?];
M Local aircraft Mach number [dimensionless]; and
Cp Aircraft drag coefficient [dimensionless].

The BADA 4 drag models utilize the aircraft’s lift coefficient at a performance state in order to calculate
that particular state’s drag coefficient. The lift coefficient is calculated as follows:

2mg,
G = §PykSM? cos 0 Fa. 3-118
1
L =5 8PokSM?C, Eq. 3-119
where
C Energy share [dimensionless] at a particular location along the aircraft trajectory;
m Current aircraft mass [kg];
o) The observed local pressure ratio [dimensionless];
Py Standard atmospheric pressure at mean sea level [Pa];
S BADA 4 aircraft wing reference area [m?]; and
0 Aircraft bank angle [rad].

3.7.9.1 C(lean Drag Model

The clean drag model is used when calculating drag for an aircraft performance state whenever the
performance state is set to use a BADA 4 configuration with a high-lift ID equal to zero. The performance
state’s drag coefficient is calculated using BADA 4 clean-configuration drag-modeling equations which
are generally dependent on aircraft Mach number.

3.7.9.2 Non-Clean Drag Model

The non-clean drag model is used whenever an aircraft is in a BADA 4 configuration with a high-lift ID
not equal to zero. In such situations, the aircraft’s drag coefficient is calculated using the BADA 4 non-
clean configuration drag model, which depends in part on the lift coefficient.

3.7.10 Fuel Flow

The BADA 4 analysis of procedure profiles uses the BADA 4 fuel model (which uses thrust as an input) in
order to calculate the fuel flow through aircraft engines.

Since certain procedure profile thrust calculations are performed using SAE-AIR-1845/Doc 29 thrust
modeling, non-BADA 4 thrust is sometimes used as an input in the BADA 4 fuel burn computation
process. Regardless of its source, calculated thrust is converted into a dimensionless thrust coefficient
(Cq). This thrust coefficient is then used as an input to either an idle or non-idle BADA 4 fuel flow model.
Table 3-8 provides an outline on how the thrust calculated for a procedure step is ferried for use to the
appropriate BADA 4 fuel flow model. This table provides an overview of how thrust calculated for a
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procedure step is ultimately used within one of the BADA 4 fuel flow models. For the sake of brevity,
reduced versions of takeoff and climb thrusts are omitted from explicit listing (their existence is implied
by the listing of their maximum rating versions).

Table 3-8 Summary of the thrust model used to calculate BADA 4-based fuel flow/burn for each
procedure step type.

Step Type WIS Thrust Model" LIRS (i B Fuel Flow Model
Type Fuel Flow
SAE-AIR-1845/Doc 29 .
Takeoff (T) T SAE-AIR-1845/Doc 29 (T) thrust - BADA 4 Cr BADA 4 (non-idle fuel)
. BADA 4 rated thrust or
T ?:ED_ //Axr:a-('lws?;%ztcngg) (OTr) SAE-AIR-1845/Doc 29 | BADA 4 (non-idle fuel)
Climb (C) thrust > BADA 4 C;
. BADA 4 rated thrust - .
C BADA 4 (MCMB rating) BADA 4 Cr BADA 4 (non-idle fuel)
. BADA 4 rated thrust or
T 2:5_ ié_‘g;';%ztc'ggg (°Tr) SAE-AIR-1845/Doc 29 | BADA 4 (non-idle fuel)
Accelerate (A, P) thrust > BADA 4 Cr
. BADA 4 rated thrust > .
C BADA 4 (MCMB rating) BADA 4 C; BADA 4 (non-idle fuel)
BADA 4 non-rated .
Descend (D) N/A | BADA 4 (TEM-based) thrust > BADA 4 Cr BADA 4 (non-idle fuel)
Descend-ldle (F) N/A | BADA 4 (LIDL rating) BADA 4 rated thrust = | o\ b1 4 (idle fuel)
BADA 4 Cr
Descend-Decelerate BADA 4 non-rated .
() N/A | BADA 4 (TEM-based) thrust > BADA 4 C; BADA 4 (non-idle fuel)
BADA 4 non-rated .
N/A | BADA 4 (TEM-based) thrust > BADA 4 Cr BADA 4 (non-idle fuel)
Level (V) . BADA 4 rated thrust or
T ?:ED_ Zﬁ%;g;tcngg) (OTr) SAE-AIR-1845/Doc 29 | BADA 4 (non-idle fuel)
thrust > BADA 4 C;
Level-Idle (W) N/A | BADA 4 (LIDL rating) BADA 4 rated thrust = | o\ b1 4 (idle fuel)
BADA 4 Cr
BADA 4 non-rated .
Level-Decelerate (U) N/A | BADA 4 (TEM-based) thrust -> BADA 4 Cr BADA 4 (non-idle fuel)
Landing-Decelerate SAE-AIR-1845/Doc 29 SAE-AIR-1845/Doc 29 .
(B) Vit (Percent Static) thrust > BADA 4 Cr BADA 4 (non-idle fuel)

* Maximum take-off (MTKF), Maximum climb (MCMB), Total Energy Model (TEM), Low idle (LIDL)

For non-procedure step behavior that occurs above 10,000 ft. MSL, BADA 4 thrust ratings are used to
calculate thrust at all performance states. Therefore, an unmodified version of the BADA 4 fuel flow
methodology is used to calculate fuel burn for performance states above 10,000 ft. MSL. Table 3-9
provides an overview of how thrust calculated for above-10K MSL procedure-driven content is

ultimately used within one of the BADA 4 fuel flow models. For the sake of brevity, reduced versions of
takeoff and climb thrusts are omitted from explicit listing (their existing is implied by the listing of their
maximum rating versions).
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for profile-driven operations.
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Segment Behavior

Thrust Model”

Thrust Coefficient for
Fuel Flow

Fuel Flow Model

Accelerate to Climb-Out CAS

BADA 4 MTKF or MCMB
or MCRZ rating

BADA 4 rated thrust >
BADA 4 C;

BADA 4 (non-idle fuel)

Constant-CAS Climb to

Mach Transition Altitude

BADA 4 MTKF or MCMB
or MCRZ

BADA 4 rated thrust -
BADA 4 C;r

BADA 4 (non-idle fuel)

Constant-CAS Climb from

10K MSL to 10K ARE

BADA 4 MTKF or MCMB
or MCRZ

BADA 4 rated thrust >
BADA 4 C;

BADA 4 (non-idle fuel)

* Maximum take-off (MTKF), Maximum climb (MCMB), Maximum cruise (MCRZ)

The BADA 4 fuel flow model yields a fuel flow rate across all engines. From this, the total fuel burned for
each performance state is determined from the following relation.

F=f taur Eq. 3-120
where
F Total fuel burned [Ib.] for the segment;
f Fuel flow rate [lb./s] across all aircraft engines; and
taur Segment duration [s].

The fuel burned by an aircraft during a performance segment decrements the aircraft’s weight. The
mass of the aircraft at the end of the segment is equal to mass at the start of the segment minus mass of
the fuel burned during the segment.

3.7.11 Noise Operation Mode

The noise operation mode assigned to computed performance states determines the ANP NPD curves
(approach or departure) to use in acoustics computations. BADA 4 analysis of procedure-driven
operations assigns noise operation mode to each performance state during procedure step
computations based on the procedure step type or behavior. Table 3-10 summarizes the default noise
operation mode assignments to procedure profile computed performance states.

Table 3-10 Default noise operation mode assignments during procedure profile computations.

Default Noise

Procedure Step Operation Mode

Takeoff

Constant-CAS Climb

Accelerate (Climb-Rate & Percent)

Constant-CAS Climb (10K MSL to 10K ARE)
Increasing CAS Climb (to Climb-Out CAS)
Constant-CAS Climb (to Mach Transition Altitude)
Level Approach or Departure
Descent (including Idle & Decelerate)
Level-Idle &Level-Decelerate

Landing

Landing Decelerate

Departure

Approach
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Interpolated performance states receive the noise operation mode assignment of the lower-bound
performance state from which they are developed.

A noise operation mode re-assignment algorithm potentially modifies the default noise operation mode
assigned to a performance state after a complete trajectory has been developed for the profile-driven
operation. The algorithm re-assigns noise operation mode to departure for all approach operation
performance states that are at or above 10,000 ft. above airport elevation. The algorithm also reassigns
noise operation mode to approach for all operation performance states that define the initial
performance state of a segment that neither appreciably climbs nor noticeably accelerates (in
groundspeed). The tolerance for climbing is set at 0.1 ft. The tolerance for noticeable acceleration is 0.1
knots.

3.7.12 Insertion at Significant Altitudes
Interpolated performance states at altitudes that are significant to emissions and acoustics analyses are
inserted into a computed performance trajectory.

3.7.12.1 Noise Altitude Cutoff

The noise altitude cutoff is the altitude above which performance states are marked to not contribute to
acoustics calculations. The BADA 4 profile-driven algorithm inserts an interpolated performance state at
an altitude equal to the noise altitude cutoff (if a performance state is not already present within 0.1
feet of altitude of the noise altitude cutoff).

3.7.12.2 Mixing Height

The mixing height is the altitude above which the emissions produced by an aircraft no longer contribute
to emissions dispersion calculations. The BADA 4 profile-driven algorithm inserts an interpolated
performance state at an altitude equal to the mixing height (if a performance state is not already
present within 0.1 feet of altitude of the mixing height).

Furthermore, the performance algorithm calculates the total duration of time that an aircraft trajectory
spent below the mixing height. This is accomplished by summing the duration of each segment that
starts below the mixing height.

3.7.12.3 1,000 ft. MSL intervals

In order to ensure that no single climbing or descending segment within a computed performance
trajectory is excessively long, the performance algorithm inserts an interpolated performance state at
each 1,000-foot (MSL) interval of altitude.
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3.8 Differences between SAE-AIR-1845/Doc 29 and BADA 4 Analysis of
Terminal-Area Procedures
This section provides a summarized list of differences of the fundamental assumptions as well as the

practical implementation details between the BADA 4 analysis of procedure-driven profiles and its SAE-
AIR-1845/Doc 29 counterpart.

3.8.1 Physics Models

The SAE-AIR-1845/Doc 29 analysis of procedure-driven operations uses a balance of forces acting on an
aircraft in order to model aircraft flight kinetics. The general form of the force-balance equation is
provided in ECAC Doc 29 as equation B-20 and is defined as:

cosy | .
(Fn> W-R coss+sm)/+a/g°

N-6

Eq.3-121

where

Aircraft corrected net thrust per engine at current state;

Sl
N—

Current aircraft weight;

Ratio of aircraft’s current drag coefficient to its current lift coefficient;
Climb angle of the current aircraft segment;

Bank angle of the current aircraft segment;

Aircraft’s air-mass-based acceleration in the direction of motion;
Gravitational acceleration constant;

Air pressure ratio at current aircraft location; and

Number of engines on aircraft.

Z>Q 8 %X ™I

The BADA 4 analysis of procedure-driven operations equates the work done by forces acting on the
aircraft to the rate at which the aircraft’s energy (both kinetic and gravitational potential) changes. This
model (which is common to both BADA Family 3 and 4) is termed the Total-Energy Model (TEM) and is
expressed by the following:

dh dVras
(Th=D) vpas=m-gg —+m-VUpys* Eq. 3-122
dt dt
where

Th Aircraft thrust (summed across all engines);

D Aircraft drag;

Vras Aircraft true airspeed;

m Aircraft mass;

9o Gravitational acceleration constant;

dh . , . .

p” Rate of change of the aircraft’s geodetic altitude; and

d . , .

% Rate of change of the aircraft’s true airspeed.
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While the SAE-AIR-1845/Doc 29 force balance and the BADA TEM describe the same physical
phenomenon of aircraft flight, their differing fundamental assumptions as well as the data sources with
which they are combined are expected to lead to differences in modeled aircraft performance.

3.8.2 Fuel Burn Models

If BADA 4 data are available for an aircraft, then AEDT uses the BADA Family 4 fuel flow model

regardless of the performance model selected (SAE-AIR-1845/Doc 29 model or the BADA 4 model) under
the following conditions:

e When the aircraft is traveling at a speed greater than Mach 0.25 (approximately 165 KCAS); and
e When the aircraft is airborne, if BADA 4 MaxTakeoff data are available, or at or above 1,500 feet AFE
otherwise.

Note: The BADA 4 MaxTakeoff data are not used as part of the fuel burn calculation, however, this is
used as an indication that the BADA 4 fuel burn model is calibrated for use with all airborne segments.

When the aircraft is operating below the above speed and altitude constraints, the Senzig-Fleming-
lovinelli (SFI) fuel flow model is used for aircraft with thrust-specific fuel consumption (TSFC) coefficients
and the BADA Family 3 fuel flow model is used otherwise.

If the BADA 4 data are not available for an aircraft and if an aircraft does not have associated TSFC
coefficients, then AEDT uses the BADA Family 3 fuel flow model. If the BADA 4 data are not available for
an aircraft but it has TSFC coefficients, then AEDT uses the SFl fuel flow model.

The BADA 4 analysis of procedural profile operations uses different thrust models as input to the BADA
Family 4 fuel flow model for segments where BADA 4 thrust data are not available, as described in
section 3.7.10. Specifically, the implementation of the BADA 4 fuel flow model in AEDT includes the
potential to use thrust computed using the SAE-AIR-1845/Doc 29 model and data (instead of the BADA 4
thrust model and data) as an input to the BADA 4 fuel flow model. A full summary of the input thrust
type (i.e., SAE-AIR-1845/Doc 29 or BADA 4) used as an input to the BADA 4 fuel flow model is provided in
Table 3-8 and Table 3-9.

3.8.3 General Differences in Implementation of Procedure Step Modeling
A key difference between AEDT’s BADA 4 and SAE-AIR-1845/Doc 29 modeling of procedure steps is in
the number of performance states implicitly generated per each procedure step.

In AEDT’s implementation of procedure step modeling per SAE-AIR-1845/Doc 29 guidelines, each
procedure step generates one initial state and one final state. Modeling of the subsequent procedure
step also generates one initial state and one final state. The modeling of these two consecutive steps
results in the two coincident performance states. The first step’s final state and the second step’s initial
state are located at the same location. Furthermore, the atmospheric parameters used by the initial
state and final state of a procedure step are identical (i.e., weather is held constant throughout a
procedure step).
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AEDT’s implementation of BADA 4 -based procedure step modeling does not generate coincident
procedure step states. Each procedure step (except the first one within a procedure profile) does not
generate its own initial performance state. The initial performance state of a step is generated as the
final state of the previous step. Even though the initial state of the current procedure step was
generated as the final state of the previous step, the current step may update some of the properties
(e.g., thrust) of the initial state.

Generally, one of the coincident states produced in the SAE-AIR-1845/Doc 29 analysis of procedure step
is removed. When the previous step’s final state’s thrust and groundspeed are equal to those of the next
step’s initial state, the previous step’s final state is kept while its corresponding coincident state (the
next step’s initial state) is removed. When the previous step’s final state’s thrust or groundspeed differ
from those of the next step’s initial state values (and the step transitions from either a level or descend
step to either a level or descend step), then the previous step’s initial state is removed.

A significant consequence occurs when the previous step’s final state’s thrust or groundspeed differ
from those of the next step’s initial state values and the step transition is not between descend or level
steps. In that situation, both the previous step’s final state and the next step’s initial state are kept. The
location of the next step’s initial state is shifted forward by 1,000-feet in track-wise distance. The speed
and altitude properties of the shifted state are maintained.

The behavior of maintaining of both coincident points (but shifting one of them) is meant to capture and
model the real-world aerodynamic effects of aircraft transitioning between descend-idle and level-idle
steps. The changing aircraft flight dynamics that occur between descend-idle and level-idle steps (which
may include aircraft flap transitions) often lead to large divergences in the thrust modeled by each
respective step. AEDT’s SAE-AIR-1845/Doc 29 analysis of procedure steps will therefore model slightly
more gradual versions of the discrepant thrust that is calculated at the interface of level-idle and
descend-idle procedure steps. Since the BADA 4 analysis does not produce coincident performance
states at the boundary of two procedure steps, discernable differences in speed and thrust can be
expected to occur at the transition from certain step types to another.

3.8.4 Aircraft Banking Effects

The SAE-AIR-1845/Doc 29 analysis of procedure profile operations models the effects of aircraft banking
as a post-process after an entire set performance states have been developed for a procedure profile.
The application of banking effects serves to increase thrust for performance states that are either not
climbing or have the approach noise operation mode assignment (or both). If the performance state has
the departure operation mode or is climbing, then banking effects are used to modify the geometry as
well as speeds of the computed performance states of the procedural profile.
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As of AEDT 3b, the BADA 4 analysis of procedure profiles does not model the effects of aircraft banking
either through direct use of bank angle in BADA 4 performance equations nor as a post-process
application of banking effects.

3.8.5 Calibrated Airspeed & Altitude-Based Segmentation

As elaborated in the description of the methodologies of calculating performance for each procedure
step type, the BADA 4 analysis of procedure profile computations segments the computation of
performance states for procedure steps by calibrated airspeed (for step types for which a significant
change in speed is typical) or by altitude (for step types for which a significant change in altitude is
typical).

Aircraft performance for certain procedure step types is not modeled directly from a step’s initial state
or the step’s final state, rather, performance is segmented such that a step is modeled with the aircraft
reaching a series of targets. The value (i.e., altitude or calibrated airspeed) of the targets follows a
progression until the final target of the step is reached.

For typical procedure profiles, performance results computed for a procedure profile aircraft operation
modeled with the BADA 4-based methodology will yield a higher level of detail than the same operation
modeled with the SAE-AIR-1845/Doc 29 methodology. A summary of the style of segmentation
performed for each step type is outlined in Table 3-11. All steps for which performance is calculated are
modeled such that each step is modeled not as a single segment, but rather as a series of segments. This
methodology captures a more detailed modeling of steps for which aircraft altitude or CAS changes
significantly.

Table 3-11 Style of segmentation for each procedure step type (or above-step type behavior) in the
BADA 4 analysis of procedure profiles.

Step Type (or Behavior) Segmentation Style
Takeoff CAS
Constant-CAS Climb Altitude
Acceleration (Climb-Rate or Percent) CAS
Constant-CAS Climb (from 10K MSL to 10K ARE) | Altitude
Accelerating CAS-Climb (to Climb-Out CAS) CAS
Constant CAS Climb (to Mach Trans. Alt.) Altitude
Descend Altitude
Descend-Idle Altitude
Descend-Decelerate Altitude
Level N/A
Level-ldle CAS
Level-Decelerate CAS
Landing N/A
Landing-Decelerate CAS
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3.8.6 Document 29 Thrust Transitions

The modeling of takeoff-to-climb thrust transitions (described in (Takeoff Thrust Transition)) is expected
to produce slightly different results between a procedure operation modeled with the SAE-AIR-
1845/Doc 29 analysis and its counterpart modeled with the BADA 4 methodology due specifically to the
step segmentation behavior described in the previous section (Calibrated Airspeed & Altitude-Based
Segmentation).

The thrust transition modeling performed in the SAE-AIR-1845/Doc 29 analysis of procedure profiles
deals with a transition state modeled between two performance states that define the initial and final
state of a procedure step. A typical system-defined procedure profile that includes a takeoff-to-climb
thrust transition will usually result in the two bounding performance states (between which the thrust
transition state is inserted) to be more than 2,000 feet in track-wise distance apart. An inspection of Eq.
3-111 demonstrates that this situation will result in a thrust transition segment that is exactly 1,000 feet
in track-wise length.

Because the BADA 4 analysis of procedure profiles segments procedure steps based on either altitude or
CAS as well as inserts interpolated performance states at input ground track point locations, the
bounding performance states between which a thrust transition state is inserted are not necessarily
more than 2,000 feet in track-wise distance apart. This results in a higher likelihood that a thrust
transition state is less than 1,000 feet in length.

3.8.7 Aircraft Weight in Procedure Profile Computations

While the SAE-AIR-1845/Doc 29 modeling of procedural profiles calculates a continuously-decreasing
aircraft weight (due to fuel burn), the actual value of decremented weight is not used within procedure
step calculations that make use of aircraft weight (e.g., takeoff, accelerate steps). The weight used in
such calculations is the initial profile weight.

The BADA 4 analysis of procedural profiles always uses the current aircraft weight to calculate
performance quantities for steps that make use of aircraft weight.

3.8.8 Projected vs. Geographic Coordinate System

The SAE-AIR-1845/Doc 29 modeling of procedural profiles performs all track-based computations in a 2-
dimensional projected coordinate system. Input ground track points (which are specified in a geographic
coordinate system) are projected onto a 2-dimensional plane whose origin osculates the airport’s
geographic location.

The BADA 4 analysis of procedural profiles maintains all ground track-based modeling in a geographic
coordinate system. Because of this, differences in the length of a modeled ground track exist between
the two modeling methodologies. While the differences are expected to be small in magnitude for
tracks of length necessary to model a typical procedure profile, the differences between track lengths
are expected to increase as the geographic span of the track increases.
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3.8.9 Speed Conversions
The SAE-AIR-1845/Doc 29 analysis of procedural profiles uses the equation specified by SAE-AIR-
1845/Doc 29 to convert between true and calibrated airspeed:

v _UCASU_p Eq. 3-123
TAS = =0 =— .3-

Vo Po g
where

VTas Aircraft true airspeed;

Vcas Aircraft calibrated airspeed;

o Air density ratio [dimensionless];

p Air density at current aircraft location; and

Po Air density at ISA sea-level conditions.

The BADA 4 analysis of procedural profiles uses the equation specified by BADA (common to Family 3
and 4) to convert between true and calibrated airspeed described by Eq. 3-79 and Eq. 3-80. Equation 3-
123 above is a simplified version of the full BADA equation; this simplified version is sufficiently accurate
when the air flow around the aircraft can be adequately described by incompressible fluid dynamics.
The conditions for assuming incompressible flow exist in the terminal regions of aircraft operations due
to the relatively slow aircraft speeds. For the higher speed, compressible flow operations which exist in
the en-route portions of an operation, the full BADA translation must be used to retain adequate
accuracy.

3.8.10 Wind Direction Aligned with Runway

Runways are typically used with the air mass moving against the runway direction (i.e. aircraft flying into
a headwind), and the wind direction is nominally stable over the time-scales of takeoff and climb-out or
descent and approach.

For both SAE-AIR-1845/Doc 29 and BADA 4 analysis, AEDT uses a headwind with magnitude 8 knots
when using ISA weather; or a headwind with the airport's 30-year annual-average wind magnitude when
using airport-based weather. If an airport’s weather has no wind magnitude, then 8 knots is used.

When the wind direction is provided (i.e. when using high-fidelity weather or emissions dispersion
weather), aircraft performance analysis by either model accounts for the angle between aircraft course
and wind direction.

When the wind direction is unknown (i.e., when using ISA weather or airport weather), it is handled
differently for BADA 4 analysis vs. SAE-AIR-1845/Doc 29 analysis.

e For BADA 4 analysis, the wind direction is aligned with the runway and opposite of the runway
direction, i.e., headwind direction of aircraft movement, for operations with which a runway is
associated.

o For arrival, departure, touch-and-go, and circuit operations, the wind direction persists
throughout the operation (irrespective of altitude or aircraft course). That is, the wind
direction is always aligned with the runway.
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o For gate-to-gate or runway-to-runway operations, the headwind persists during the
entire operation.
o For overflight operations, wind is always directed against the aircraft course. This is

done because wind direction is ambiguous for overflights; directing wind against the
course introduces a “conservative bias”, which is favored over “no bias”.
e For SAE-AIR-1845/Doc 29 analysis, the headwind persists during the entire operation. That is,
wind direction changes such that it is always directed against aircraft course.

3.8.11 Initial Departure Takeoff Thrust

The SAE-AIR-1845/Doc 29 analysis of the procedural profiles uses a calibrated airspeed equal to zero to
compute the corrected net thrust at the start of ground roll for takeoff steps used in a departure
procedure profile. The BADA 4 analysis of takeoff steps always uses the calibrated airspeed computed at
the start of ground roll. Slight differences in the corrected net thrust at the start of a departure’s takeoff
ground roll are expected upon a close comparison of such results.

3.8.12 Takeoff Ground Roll Step Splitting

The SAE-AIR-1845/Doc 29 analysis of the procedure profiles splits a takeoff step into segments whose
groundspeed increases by no more than ten knots, with each segment performance state’s properties
(e.g., thrust and speed) determined by linear interpolation with respect to ground roll distance. The
BADA 4 analysis of takeoff steps models a takeoff step as a series of increasing-CAS segments whose
calibrated airspeed increases by increments of five knots until the end-of-ground-roll calibrated airspeed
is achieved. A slight difference in the behavior of ground-roll thrust (i.e., linear versus non-linear) is
therefore expected to be observed.

3.8.13 Thrust Tapering

As of AEDT 3b, thrust tapering is modeled only in the BADA 4 analysis of procedural operations. The SAE-
AIR-1845/Doc 29 methodology of computing results for procedural operations does not model thrust
tapering behavior.

3.8.14 User-Specified Thrust

As of AEDT 3b, user-specified thrust for the step types that allow such a definition is modeled only in the
SAE-AIR-1845/Doc 29 analysis of procedural operations. The BADA 4 analysis does not currently support
user-specified thrust in procedure step modeling.

3.8.15 Changes in AEDT 3c

AEDT 3c reports the physics-based thrust calculation for approach for ANP, which means that some
operations can have a negative thrust value for some approach segments when more drag than thrust is
being generated. The negative thrust is only reported in the flight performance report; but the noise
thrust values are limited to non-negative values for noise modeling purposes. Segments with negative
flight performance thrust have the noise modeling thrust set to a nominal value of one pound of
corrected net thrust per engine. Similarly, segments with negative flight performance thrust are limited
to a minimum value for fuel burn calculations as further described below.
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AEDT 3c applies the BADA 4 fuel burn calculation method to most airborne ANP modeled segments as
further described in Section 3.8.2. This change is an important improvement to the fuel burn and
emissions modeling accuracy. All the other segment characteristics are left unchanged.

AEDT 3c allows aircraft to accelerate beyond 250 knots calibrated airspeed once they reach an altitude
of 10,000 feet MSL when modeling flight performance using the ANP model. Previous versions of AEDT
limited aircraft speed to below 250 knots calibrated aircraft through 10,000 feet AFE.

3.9 Trajectory-Driven Flight Performance

Trajectory based flight performance is a subsection of aircraft performance in AEDT that allows for
deviation from standard AEDT profiles and allows for additional freedom in modeling aircraft altitude
characteristics in flight. It is particularly useful for modeling situations where high fidelity flight tracking
data is available so that points along the aircraft’s actual trajectory can be modeled.

There are two types of trajectory-based inputs that can drive flight performance in AEDT: altitude/speed
controls and sensor paths. Flights driven by altitude/speed controls are discussed in Section 3.9.1.
Flights driven by sensor paths are discussed in Section 3.9.2.

3.9.1 Track Control Flights

Track controls are one type of trajectory-based input that can drive AEDT flight performance. They allow
specification of precise 3-dimensional locations (and, optionally, speeds) to be reached along the flight
path. There are two types of track controls: altitude controls and speed controls.

3.9.1.1 Meaning of Altitude and Speed Controls

An altitude control defines rules for what an aircraft’s altitude should and should not be as it passes over
a particular track point. Specifically, it establishes a target altitude that an aircraft should try to reach as
it passes over the track point, as well as restricted altitude ranges that the aircraft is not allowed to
occupy as it passes over the track point. Note that track points are not required to have altitude controls
associated with them, and only one altitude control can be assigned to a given track point.

An altitude control is composed of a target and restrictions. In AEDT, the restriction aspect of an altitude
control is derived from the target aspect (that is, the bounds of restricted altitude ranges are a function
of the target altitude). AEDT supports three types of altitude restrictions:
1. “At” controls restrict the aircraft from being more than 300 ft from the target altitude when
passing over the track point.
2. “AtOrAbove” controls restrict the aircraft from being more than 300 ft below the target altitude
when passing over the track point.
3. “AtOrBelow” controls restrict the aircraft from being more than 300 ft above the target altitude
when passing over the track point.

The three different restriction types are illustrated in Figure 3-12. This figure also illustrates that the
300ft buffers described above function as “tolerances” within which aircraft can miss target altitudes
without entering restricted altitude ranges. Note that this tolerance of 300ft is fixed in AEDT, and cannot
be changed by the user.
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Figure 3-12 Altitude Controls

A speed control is conceptually similar to an altitude control, except that it describes targets and
restrictions on speed rather than altitude. The tolerance associated with speed controls is 20 knots.

3.9.1.2

Track Control Input Requirements and Interpretations

Additional notes about track controls include:

1.

N

9.

Altitude controls specifying altitudes below 500 ft AFE are ignored by AEDT. That is, assigning a
control targeting an altitude below 500 ft AFE is equivalent to assigning no control at all; no
targets or restrictions are applied to aircraft altitude at the associated geographic location.
Track controls on the first point in a departure track (corresponding to the beginning of takeoff
ground roll) are ignored by AEDT.

In an approach track, any control assigned to the last defined point (which corresponds to the
runway end near where the aircraft lands) is ignored by AEDT.

An aircraft must have procedural profiles in order to be used with a track that includes altitude
controls. An error is generated during performance processing if this rule is violated.

Overflight tracks containing altitude controls must have a minimum of two altitude controls
above 500 ft AFE. An error is generated during performance processing if this rule is violated.
Approach tracks cannot have sequentially ascending altitude control targets.

Departure tracks cannot have sequentially descending altitude control targets.

Altitude controls of type AtOrBelow are interpreted during performance processing as though
their target altitude is the lesser of their given target altitude and the aircraft’s maximum BADA
3 operating altitude. This interpretation is illustrated in Figure 3-13. Note that this is done
whether the specified target is in the terminal area or en-route. Also note that there are no
analogous treatments for the other control types.

Doc 29/BADA 3 analysis of flights on controlled tracks ignores speed controls.

10. All speed controls on a track are ignored if there are no altitude controls on the track.
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Figure 3-13 Effect of BADA 3 Maximum Altitude on Interpretation of “AtOrBelow” Controls

The observed altitude and speed controls provide a discrete set of altitude and speed targets. However,
they are interpreted to comprise continuous target profiles for altitude and speed. These target profiles
vary linearly along the track between controlled track points.

3.9.1.3 Conceptual Overview of Analysis

AEDT calculates trajectories to match altitude control targets as closely as possible, within the limits of
the given aircraft’s performance characteristics, and in the context of the defined atmospheric
conditions. When a control’s altitude restrictions are violated due to aircraft performance limitations,
AEDT issues an error message, and the flight’s trajectory is discarded and excluded from environmental
impact calculations; in order to include the flight’s impact, the user could:

e Modify altitude controls as necessary to allow the restrictions to be met;

e Assign a different airplane that can meet the restrictions;

o Modify the airplane’s performance characteristic to enable it to meet the restrictions;

e Activate and adjust the user-defined thrust failure tolerance percentage, which allows an
airplane to operate in excess of its modeled available thrust by the given percentage in order to
comply with a control;

e Activate the restriction-ignore feature, which allows an airplane to operate in restricted altitude
ranges without consequence;

e Activate and adjust the user-defined altitude failure override tolerance, which increases the
amount by which airplanes can enter restricted altitude ranges;

e Activate the automatic weight adjustment feature, which prompts AEDT to re-attempt a flight at
a lower weight if it fails; or

e Employ a combination of these strategies.

Note that an airplane must feature BADA performance data, as well as ANP performance data including
procedural profiles (some airplanes have only fixed-point ANP profiles) in order to be used in
conjunction with altitude controls.

AEDT computes control-driven flight performance according to two performance specifications: SAE-
AIR-18455 and BADA. SAE-AIR-18455 is nominally used to model performance below 10,000 ft AFE,
while BADA is used above that altitude (there are exceptions to this rule in the case of overflight
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operations). The different methodologies used for each performance specification are detailed in
Section 3.9.1.5 (SAE-AIR-1845%) and Section 3.9.1.6 (BADA).

3.9.1.4 Overall Algorithm

There are two major domains of control-driven analysis in AEDT: terminal area analysis and en-route
analysis. They are divided by the top-of-terminal altitude. Terminal area analysis is performed with a
preference for conforming to speed and flap schedules implied by a flight procedure, though the flight
mechanics can be modeled according to either the Doc 29 or the BADA 4 performance specification. En-
route analysis is performed using BADA speed and flap schedules, with flight mechanics modeled
according to either BADA 3 or BADA 4. When there are target altitude and speed profiles, the top-of-
terminal altitude is 10,000 ft MSL, and the terminal-area model and the en-route model are both BADA
4. When there is only a target altitude profile, the top-of-terminal altitude is 10,000 ft AFE, the terminal-
area model is Doc 29, and the en-route model is BADA 3.

When controls are present, first the flight path is calculated from the procedure as though there are no
controls, as described in Section 3.6. This “standard” flight path is then modified to match the control
targets as closely as possible, with flight dynamics first modeled according to the terminal-area model
up to the top-of-terminal altitude, and then according to the en-route model thereafter.

3.9.1.5 Terminal-Area Control Target Matching

When there are target altitude and speed profiles, only the ground-roll points in the standard flight path
are retained. When there is only a target altitude profile, points in the standard flight path are retained
or discarded based on the properties of the altitude control that is closest to the runway. Points are
retained if they are closer to the runway than that control by at least 1000 ft, and if their altitude is
lower than the control’s target altitude. Points which do not meet both of these criteria are discarded.
Figure 3-14 illustrates which standard flight path points are preserved.

target
closest to

<~ 1000 ft runway '¢'
s ¢

. . 7
trackwise distance from runway

altitude above MSL

Figure 3-14 Preserved Portion of Standard Path in Altitude-Controlled Flights

If the entire preserved portion of the standard flight path is in the terminal area, performance beyond
the preserved content is calculated nominally according to the terminal-area performance specification
up to the top-of-terminal altitude. For each track point with an observed control, working trackwise
away from the runway, the flight is computed to the associated target distance and as close as possible
to the target altitude (and speed, if there is a target speed profile), as described in Section 3.9.1.5.1. If
the achieved altitude and speed do not violate any restrictions posed by observed controls at the track
point, analysis of the flight proceeds to the next track point with an observed control. If the airplane
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altitude reaches or exceeds the top-of-terminal altitude at any control, the result is truncated at the top-
of-terminal altitude as necessary, and terminal-area control target matching ends.

3.9.1.5.1 Analysis of Flight to or from Controlled Track Point
At the beginning of analysis for any control, the following quantities are known:

e hristhe target altitude

e dgisthe target track coordinate
e h; is the latest altitude

e d; is the latest track coordinate

e R, isthe latest drag-to-lift ratio

* v, isthe latest CAS

e t; isthe latest time

If there are both altitude and speed target profiles, the target CAS is also known.

The drag-to-lift ratio to use for the step, R, is chosen according to the flap schedule, based on R; and
Veps the radius of curvature, and the aircraft course, @, to be used for the step sampled at d;. The latest
aircraft latitude, ¢;, and the latest aircraft longitude, A;, are also sampled at d; . The latest weather
conditions are sampled at {t;, ¢, A;, h; }. The latest true airspeed, vy, is calculated from latest weather
and v¢, . The target step height is given by:

AhT = hT - hL Eq 3-124
The target step trackwise length is:

AEDT determines the closest achievable altitude at the target distance by calculating the thrust required
for flight to a number of candidate altitudes and/or calibrated airspeeds, and comparing the required
thrust to the thrust available. If there are altitude and speed target profiles, this determination is made
as described in Section 3.9.1.5.1.1. If there is only a target altitude profile, the determination is made in
one of two ways, depending on the operation type, the latest state, the speed schedule, and the target
altitude. If the operation is not an approach, target altitude is at or above the latest altitude, and the
latest CAS is at or below the CAS scheduled at the latest altitude, then recursive bisection is used, as
described in Section 3.9.1.5.1.3. Otherwise, progressive decimation is used, as described in Section
3.9.1.5.1.4.

3.9.1.5.1.1 Best-Effort Calculation with Altitude and Speed Target Profiles
This approach to determining the best effort to reach a target altitude and speed involves three key
candidate pairs of next altitude and speed:

1. Target altitude, target speed
2. Target altitude, minimum speed
3. Latest altitude, minimum speed
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Here, minimum speed is the lesser of the latest speed and the target speed. Performance for a
candidate pair is computed as described in Section 3.9.1.5.1.2.

e [f available thrust is greater than or equal to required thrust for key candidate 1, it is selected as
the best effort.

e [f available thrust is less than required thrust for the key candidate 1, but greater than or equal
to required thrust for key candidate 2, a candidate with next altitude equal to target altitude
and required thrust equal to available thrust is identified by recursive bisection of candidates'
next speed between minimum speed and target speed, and that candidate is selected as the
best effort.

e [f available thrust is less than required thrust for key candidate 2, but greater than or equal to
required thrust for the key candidate3, a candidate with next speed equal to minimum speed
and required thrust equal to available thrust is identified by recursive bisection of candidates’
next altitude between latest altitude and target altitude, and that candidate is selected as the
best effort.

o If available thrust is less than required thrust for key candidate 3, then the flight fails.

3.9.1.5.1.2 Analysis of Flight to Candidate Altitude and Speed
Analysis of flight for a candidate altitude-speed pair is identical to the analysis for a candidate altitude as
described in Section 3.9.1.5.2, except that:

e Speed is given rather than computed from the procedure-based speed schedule.

e Thrust is computed by the BADA energy balance 3-100 Instead of the Doc 29-based force
balance 3-91.

e Dragis computed. This is done according to the BADA 4 specification based on local conditions,
airplane-specific coefficients, and the airplane configuration.

e The airplane configuration is determined via a map from the scheduled ANP flap setting to a
corresponding BADA 4 configuration. If no ANP flap setting is available, the BADA 4 scheduled
flap schedule is used.

3.9.1.5.1.3 Best-Effort Calculation through Recursive Bisection

This approach to determining the best effort to reach a control target can be broken into four phases.
Note that in the descriptions of the phases that follow, when an altitude and CAS pair are “checked”, it
means that they are tested together as a candidate final state as described in 3.9.1.5.2 to determine
whether or not there is enough thrust available to reach them at the target distance. The four phases
are as follows:

1. The target final altitude and the CAS scheduled are checked to determine whether or not they
are supported by the available thrust. If so, they are selected as the final state, and the
algorithm terminates. Otherwise, the latest altitude and CAS are checked to verify that they are
supported; if not, the flight fails.

2. The interval between the latest altitude and the target altitude is searched, through recursive
bisection, for the lowest final altitude at which the CAS scheduled there is unsupported by the
available thrust (“lowest schedule-unsupported final altitude”). This is provisionally selected as
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the final altitude, subject to degradation as described in the next phase. Note that this process
also identifies the highest final altitude at which the scheduled CAS is supported by the available
thrust (“highest schedule-supported final altitude”), if it exists on the interval.

The latest CAS and the lowest schedule-unsupported final altitude are checked for support. If
unsupported, then the final state is degraded to the highest schedule-supported final altitude,
and the CAS scheduled there, terminating the algorithm.

At the lowest schedule-unsupported final altitude, the interval between the latest CAS and the
CAS scheduled at that altitude is searched, through recursive bisection, for the highest final CAS
that is supported. This altitude and CAS are then selected as the final state, and the algorithm
terminates.

This process is illustrated in terms of the CAS schedule in Figure 3-15.
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Figure 3-15 Phases of Best-Effort Calculation through Recursive Bisection

3.9.1.5.1.4 Best-Effort Calculation through Progressive Decimation

In this approach to determining the best effort reach the target altitude, the number of candidate

altitudes, N, is given by:

1 ifbelow is not allowed
= Eg. 3-12
N {11 otherwise a. 3-126
The j* candidate altitude to be tested (j ranges from 0 to N-1) is:
b = he—J A Eq. 3-127

For each candidate altitude, flight to that altitude and the target distance is calculated as described in
Section 3.9.1.5.2. If the required thrust does not exceed the available thrust, then flight to the candidate

is supported. If flight to any of the candidate altitudes is supported by available thrust, then the

supported candidate that is closest to the target altitude is selected as the altitude for the aircraft at the

track point. This process is illustrated for the case of an “AtOrBelow” control in Figure 3-16.
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Figure 3-16 Candidate Altitudes for Flight To or From an “AtOrBelow” Altitude Control

3.9.1.5.2 Analysis of Flight to Candidate Altitude
At the beginning of analysis for any candidate altitude, latest altitude h; and the candidate altitude h,

are known. The initial altitude, h; is:

_ fhc
hi {hL
The final altitude hf is:
_ hL
hy = {hc

for approaches
otherwise

for approaches
otherwise

Eq. 3-128

Eq. 3-129

The relationships that initial and final states have with latest and candidate states differs in this way
because approach segments are processed in reverse temporal order as described earlier. These are
illustrated in Figure 3-17 for departures and overflights, and in Figure 3-18 for approaches.
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Figure 3-17 Relationships Between Initial, Final, Latest, and Candidate for Departures and Overflights
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Figure 3-18 Relationships Between Initial, Final, Latest, and Candidate for Approaches

The candidate change in altitude is:

Ah = hy — b

Climb angle in the still-ground frame of reference is:

Y¢ = tan"1(Ah / Ad)

Eq. 3-130

Eq. 3-131

The latest groundspeed, Vg, IS calculated from Va,, Ve, P, and latest weather. The candidate CAS, Ve
is determined from CAS schedule based on k.. The candidate weather conditions are sampled at

{t., ©., AL, h¢}. The candidate true airspeed, Vg4, is calculated from candidate weather and v¢,.. The
candidate groundspeed, Vg, IS calculated from Vac Ve, D, and candidate weather. The initial

groundspeed v, is:

v =1 ¢
67 g, otherwise

The final groundspeed Vg, is:
vGL
Yer = {ch

otherwise

The average groundspeed is:

- = g(vci +v5,)
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The pathwise step length is:

As = +/Ad? + Ah? Eq. 3-135

The step duration is:

At = As /v, Eq. 3-136
The step acceleration is:
2 .2
_ e Y Eq. 3-137
a =
2As

The bank angle, ¢, is calculated from r and v, . The aircraft weight, W is taken from the procedural
profile. The total thrust is determined by a force balance based on ECAC Doc 29° equation B20, with the
aerodynamic term adjusted for bank angle:

F=w|RLe +a]
= oSt sinyy, 7 Eq. 3-138

3.9.1.5.3 Speed Schedule

A speed schedule is an indication of how an airplane’s calibrated airspeed should vary as a function of
altitude. Airplane procedures provide information about the calibrated airspeeds at which the
associated airplane might safely and realistically fly while in certain altitude ranges. For operations with
altitude controls, AEDT analyzes the procedure to establish a speed schedule. The calibrated airspeeds
used in performance calculations between controls are chosen in accordance with this schedule.

The construction of a flap schedule begins with the determination of the initial and final CAS and
altitude for each step in the procedure, as outlined in Section 3.9.1.5.5 and Section 3.9.1.5.6. After the
CAS and altitude progression for each procedure step has been established, the flap schedule
construction process continues by defining a “bin” for each step. The bin is assigned the step’s initial and
final altitude and CAS, and its index within the procedure (the first step has index 1, the second has
index 2, etc.). The resulting collection of bins constitutes the CAS schedule; for a given altitude, the
scheduled CAS is interpolated from the values in the bin with the highest index among bins that contain
that altitude.

3.9.1.5.4 Flap Schedule and Selection

A flap schedule is an indication of how an airplane’s drag-to-lift ratio should vary as a function of
calibrated airspeed. Airplane procedures provide information about the drag-to-lift ratios the associated
airplane might realistically use while in certain CAS ranges. For operations with altitude controls, AEDT
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analyzes the procedure to establish a flap schedule. The drag-to-lift ratios used in performance
calculations between controls are usually chosen in accordance with this schedule. Note, however, that
drag-to-lift ratio is never increased over the course of a departure operation, and is never reduced over
the course of an approach operation.

The construction of a flap schedule begins with the determination of the initial and final CAS for each
step in the procedure, as outlined in Section 3.9.1.5.5. After the CAS progression for each procedure
step has been established, the flap schedule construction process continues by defining a “bin” for each
step for which the drag-to-lift ratio is specified. The bin is assigned the step’s drag-to-lift ratio, its CAS
range, and its index within the procedure (the first step has index 1, the second has index 2, etc.). Next,
AEDT identifies all ranges of CAS that are not covered by bins. For each of these ranges, an additional bin
is defined with that CAS range and the index and drag-to-lift ratio of the adjacent bin with the highest
index. The resulting collection of bins constitutes the flap schedule; for a given CAS, the scheduled drag-
to-lift ratio is the value from the bin with the highest index among bins that contain that CAS.

3.9.1.5.5 Procedural CAS Progression

Construction of CAS schedules and flap schedules requires determination of the progression of CAS over
the course of the procedure. The amount of CAS information specified by a procedure step depends on
the step type; steps may provide information about their initial CAS, final CAS, both, or neither. The
nature of any CAS information provided also depends on the step type; CAS may be provided as a
specific value (ex. 250 knots), as a conceptual value that can be computed (ex. “initial climb CAS” or
“touch-down CAS”), or as a procedural notion (ex. “maintain current CAS”). CAS values are determined
at the beginning and end of the procedure, as well as at the interface between each pair of adjacent
procedure steps. Note that adjacent procedure steps can specify conflicting CAS information for the
point at which they meet, in which case one or the other is chosen based on the order and types of the
two steps.

To facilitate this determination, each type of step is assigned initial and final ranks that indicate how
strongly any information from the step about that CAS value should be weighted. Ranks, from highest to
lowest, are:

e Imposed

e Preferred

e Provided

e Allowed

e Unavailable

The initial and final CAS ranks associated with each step type are as follows:

Initial CAS Rank Step Type Final CAS Rank
Imposed Takeoff ground roll Imposed
Unavailable Accelerate Imposed
Allowed Cruise climb Imposed
Unavailable Climb Imposed
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Initial CAS Rank Step Type Final CAS Rank
Preferred Level Provided
Preferred Descend Provided
Imposed Landing ground roll Unavailable
Imposed Brake Preferred

At each interface between two adjacent procedure steps, the CAS information from the higher-ranked
step takes precedence over the lower-ranked step. For example, for a level step that is followed by a
descend step, the level step’s final CAS information is “Provided”, whereas the descend step’s initial CAS
information is “Preferred”; the higher rank takes precedence, so the level step ends (and the descend
step begins) at the descend step’s initial CAS.

3.9.1.5.6 Procedural Altitude Progression

Construction of CAS schedules requires determination of the progression of altitude over the course of
the procedure. The amount of altitude information specified by a procedure step depends on the step
type; steps may provide information about their initial altitude, final altitude, both, or neither. The
nature of any altitude information provided also depends on the step type; altitude may be provided as
a specific value (ex. 1,000 ft), as a conceptual value that can be computed (ex. “on the ground”), or as a
procedural notion (ex. “maintain current altitude”). Altitude values are determined at the beginning and
end of the procedure, as well as at the interface between each pair of adjacent procedure steps. Note
that adjacent procedure steps could specify conflicting altitude information for the point at which they
meet, in which case one or the other is chosen based on the order and types of the two steps.

To facilitate this determination, each type of step is assigned initial and final ranks that indicate how
strongly any information from the step about that altitude value should be weighted. Ranks, from
highest to lowest, are

e Imposed

o Preferred
e Provided

e Allowed

e Unavailable

The initial and final altitude ranks associated with each step type are as follows:

Initial Altitude Rank Step Type Final Altitude Rank
Imposed Takeoff ground roll Imposed
Unavailable Accelerate Imposed

Allowed Cruise climb Imposed
Unavailable Climb Imposed

Preferred Level Imposed

Preferred Descend Unavailable
Imposed Landing ground roll Imposed

Imposed Brake Imposed
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At each interface between two adjacent procedure steps, the altitude information from the higher-
ranked step takes precedence over the lower-ranked step. For example, for a level step that is followed
by a descend step, the level step’s final altitude information is Imposed, whereas the descend step’s
initial altitude information is Preferred; the higher rank takes precedence, so the level step ends (and
the descend step begins) at the level step’s final altitude.

3.9.1.6 En-Route Target Matching for Altitude and Speed

In the case where there are both altitude and speed target profiles, analysis is nominally as described in
Section 3.9.1.5 Terminal-Area Control Target Matching. The only difference is that the airplane
configuration is always based on the BADA 4 flap schedule, rather than attempting to map the
procedure-scheduled ANP flap setting to a BADA 4 configuration.

3.9.1.7 En-Route Control Target Matching for Altitude Only

When there is only a target altitude profile, BADA is used to simulate trajectories, or parts of
trajectories, beyond the point where they first reach the top-of-terminal altitude. Trajectory points
calculated according to BADA are appended to any part of the trajectory in the terminal area (this
includes the preserved portion of the standard procedure, as well as control-driven content up to the
top-of-terminal altitude if there is any).

Fundamentally, AEDT uses BADA to model performance from one observed altitude control to the next,
regardless of the number of track segments in between those controls. As a result, AEDT with BADA
does not “plan ahead” for upcoming changes in altitude and has no mechanism to change previously
calculated points, unlike the SAE-AIR-1845% portion of AEDT which can adjust target points.

3.9.1.7.1 BADA 3 General Discussion

This Section begins with an overview of the BADA 3 performance model. This is followed by
introductions to the fundamental elements of the BADA 3 performance model.

3.9.1.7.1.1 Overview

BADA does not specify the overall structure of a flight (it could consist of any number of climb, cruise,
and descent phases, arranged in any order). Instead, BADA provides performance calculation rules and
modeling coefficients for each phase. For each phase type, a speed schedule is specified as a sequence
of calibrated airspeeds with corresponding altitudes. Scheduled speeds increase with altitude. The
maximum Mach number is also provided for each phase type. For the BADA weather model, each phase
has a Mach transition altitude above which the maximum scheduled CAS is always limited by the
maximum Mach number. BADA performance for a phase consists of any number (zero or greater) of
constant-CAS steps below the Mach transition altitude, constant-Mach steps above Mach transition, and
acceleration/deceleration steps.

Acceleration and deceleration steps below Mach transition serve to change CAS, whereas steps above
Mach transition serve to change the Mach number. Since AEDT uses the BADA model primarily for en-
route phases of flight, only the CAS scheduled for the en-route phase is used. Transitions between
scheduled CAS values are therefore not encountered. Acceleration/deceleration steps are only
performed to transition between two BADA phases, or between a BADA phase and the ECAC Doc 29%°
model.

Page 149



Aviation Environmental Design Tool 3¢ Technical Manual

3.9.1.7.1.2 Mach Transition Altitude
Mach transition altitude for a phase is calculated for a given CAS and Mach number by the equation:

r y aISAR
( T o)
1+ (y
| VSSLISA TSL
hy =|1- — Eqg. 3-139
v a
y 1 —1 ISA
|1+ =Mz -1
where
y Isentropic expansion coefficient for air 1.4 (dimensionless);
R Real gas constant for air 287.04 m? /K /s?;
V Calibrated airspeed (kt);
SsLiss Atmospheric speed of sound at sea level in an ISA (kt);
M Aircraft Mach number (dimensionless);
a;sa ISA temperature lapse rate 0.0065 (K/m);
g Gravitational acceleration of Earth (m/s2); and
Tsy. Atmospheric temperature at sea level (K).

The tropopause altitude h; (m) is calculated from:

ATISASL

h’t = htISA + Eq. 3-140

Arsa

where
hi,s, 1SAtropoause altitude (m); and
ATis,,, Sea-level temperature deviation from ISA (K).

Note that AEDT calculates the sea-level temperature Tg;, (K) by sampling the temperature at the
associated airport and lapsing to sea-level:

Ts, = Tairport + @sahairport Fa. 3-141
where
Rairport Airport elevation (m); and
Tairport Atmospheric temperature at the airport elevation (K).

The temperature deviation from ISA follows directly as discussed in Section 3.3.1.2.

Also note that the calculation of Mach transition altitude is based on a lapsed weather model, similar to
those discussed in Section 3.3.2.1. Because of this simplification, the actual weather at Mach transition
can differ from the assumed weather if high-fidelity weather module is in use. As a result of this, there
can be a discontinuity of several knots in the speed profile at the Mach transition.
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3.9.1.7.1.3 BADA Energy Share

BADA makes use of an energy share factor when climbing or descending. The energy share factor is used
to dictate how much of the available thrust is used towards climbing or descending and how much is
used for forward thrust. The energy share is determined by the altitude regime currently being modeled.
Using constant CAS, below the Mach transition altitude and below the tropopause the energy share,
f{M}, is calculated via:

1 Eq. 3-142

where
kr ISA temperature gradient with altitude, -.065 x 10*K/m

When above the tropopause, but below the Mach transition altitude, and using constant CAS, a different
equation is used, as follows.

-1 y -1

1 NI 1 vE
FIM} = 1+(1+YT-M2) (1+T~M2) ~1 Eq. 3-143

When below the tropopause at constant Mach, the equation below is used.

‘R-k -1
fim} = [1 +y—2 p TMZ] Eq.3-144

Constant Mach above the tropopause uses the following equation:
fiM} =1.0 Eqg. 3-145

Finally, in cases where neither constant CAS nor constant Mach is used, the energy share factors are
given by the following:

Accelerationinclimb  f{M}=0.3
Deceleration in descent f{M} = 0.3
Deceleration in climb  f{M}=1.7
Acceleration in descent f{M}=1.7

3.9.1.7.1.4 Drag
Drag D (N) is calculated from:
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mg 1,
D = [Cpocr + Cp2cr T E‘DVTS Eq. 3-146
5pViScose

where
Cpo,cr Parasitic drag coefficient in cruise configuration (dimensionless);
Cpacr Induced drag coefficient in cruise configuration (dimensionless);

£ Bank angle (radians);

S Reference wing surface area (m?);
m Aircraft mass (kg);

p Atmospheric density (kg/m3); and
Ve Aircraft true airspeed (m/s).

3.9.1.7.1.5 Thrust
With enough information, thrust can be calculated through an energy balance:

g dh
F=m(V—TE+a>+D Eq. 3-147
or
m-g dh
F= [f—{M}-VT] o+ D Eq. 3-148
where
F Aircraft total net thrust (N);
D Aircraft drag (N);
a Aircraft acceleration (m/s?);

an Aircraft climb rate (m/s); and

dt
f{M} Energy share.

Maximum total net thrust during climb in an ISA is given by:

§
Crep X (1 - + Crez X h2> (jet)

Tc2
h
sy = | Cren X (1= ) Ve + Cres(turboprop) Fq. 3-149
h CTC3
Cre X (1 - ) + 2T st
Tcl Cros v (piston)
where
h Aircraft altitude above mean sea level (ft);

Crc1 1st max climb thrust coefficient (N for jet or piston, kN for turboprop);
Crcz  2nd max climb thrust coefficient (ft); and
Crc3  3rd max climb thrust coefficient (ft2 for jet, N for turboprop, kN for piston).
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The maximum total net thrust during climb £, . (N) for all weather contexts is given by:

Fne = (1= CresATisa, ;) P, Eq. 3-150
with
ATISAeff = ATis4 — Crca Eq. 3-151
and the limitations that
0.0 < Cres - AT,SAeff <04 Eqg. 3-152
and
Cres = 0.0 Eqg. 3-153
where

AT,g, Atmospheric temperature deviation from ISA (K);
Crca  1stthrust temperature coefficient (K); and
Cres  2nd thrust temperature coefficient (K™?).

The standard reduced total climb thrust F.. (N) is:

Eq. 3-154

m —m
F.=D+ (E,. —D) (1—Cred-L)

Minax — Mmin

where
Mypay Aircraft’s maximum mass (kg);
Myin  Aircraft’s minimum mass (kg);
Creqa  Reduction coefficient (dimensionless) determined by the BADA 3 aircraft engine type:
0.15(jet)
Creq = 3 0.25(turboprop)
0.0(piston)

The maximum total net thrust during cruise Fy,, (N) is:

Fny = CrerFmg Eq. 3-155

\4

where
Fne Aircraft maximum total net thrust in climb (N); and

Crer  Maximum cruise thrust coefficient 0.95 (dimensionless).

The standard total net thrust during descent F,, | (N) is:

P {CTDhiFmC(h > hdes) Eq. 3-156
mo CTDloFmC(h S thS) q.
where
Cr Low altitude descent thrust coefficient (dimensionless);

Dio
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CTDh- High altitude descent thrust coefficient (dimensionless); and
L

hges  Transition altitude for calculation of descent thrust (ft).

3.9.1.7.1.6 Speed and Altitude Limits
The maximum altitude achievable by the aircraft h,, (ft) is given by:

Ry = min[hyo, Amax, + (ATisa — Crea)Gr + (Mg — MGy | Eq. 3-157
where
hmax, Maximum altitude at MTOW under ISA conditions for maximum mass (allowing
residual 300fpm ROC) (ft);
huo Maximum operational height above sea level (ft);
Gy, Mass gradient on maximum altitude (ft/kg);
G Temperature gradient on maximum altitude (ft/K);
Mupax Maximum mass (kg);
Crea 1st thrust temperature coefficient (K);
m Aircraft mass (kg); and
ATis4 Atmospheric temperature deviation from ISA (K).

The minimum calibrated airspeed in cruise V,, (kt) is calculated from:

incr
Vimincg = Cymin - Vstaticr Eq. 3-158

where
Cy,iy Minimum speed coefficient in non-take-off configuration (dimensionless); and
Vstaur g Aircraft’s stall speed in cruise configuration (kt).

3.9.1.7.1.7 True Airspeed, Calibrated Airspeed and Mach Number
In the context of BADA, true airspeed V- (m/s) is related to a given calibrated airspeed according to:

2 P 0 U Po 1k .
Vp= |——=11+22. <1+—-ﬂ-V2> -1 -1 Eq. 3-159
G (S~ B
where
o Atmospheric density (kg/m3);
P Atmospheric pressure (N/m?);

Po,s, ISAsea-level pressure (N/m3);
Po;s, ISA sea-level density (kg/m3);

vV Aircraft calibrated airspeed (m/s); and
u Ratio of gas constant to specific heat at constant pressure (dimensionless):
y—1
W=——"
Y

where
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y Isentropic expansion coefficient for air, 1.4 (dimensionless).

Calibrated airspeed V (m/s) is therefore determined from true airspeed by:

2 P P 1 #
V= |2, 0sa {(1 + ) [(1 + kP, VY%) - 1]) - 1} Eg. 3-160
K Pojsa POISA 2

Mach number is related to true airspeed by:

el )

Ve=M-\Jy-R-T Eq. 3-161

where

Aircraft true airspeed (m/s);

Real gas constant for air 287.04 m? /K /s?;
Atmospheric temperature (K); and

Aircraft Mach number (dimensionless).

TN ®S

3.9.1.7.2 En-Route Recalculation for Departure Operations

The calculation of the en-route portion of departures begins with determining what calibrated airspeed
(CAS) and maximum Mach number should characterize the climbout phase. The climbout CAS is taken to
be the larger of the aircraft’s BADA en-route climbout CAS and the CAS at the SAE-AIR-1845-BADA
transition point. Likewise, the maximum Mach number is taken to be the larger of the aircraft’'s BADA
en-route climbout maximum Mach number and the Mach number at the SAE-AIR-1845-BADA transition
point.

Departure operations cannot have descending altitude control to altitude control steps, so AEDT checks
that all departure steps will be either climb or level steps. Recalculation of the en-route flight profile
begins from the SAE-AIR-1845-BADA transition point and continues to each successive altitude control
further along the track with an altitude greater than 10,000 ft. Each control constitutes a target altitude
and distance, to be reached from the latest calculated state (distance, altitude, speed, thrust, etc.). For
the performance calculations for each target, the headwind is fixed to its value at the latest calculated
location and time, and the atmospheric thermodynamic profiles are fixed to the profiles at the latest
calculated geographic coordinate and time. Under these conditions, a profile is calculated according to
the BADA specification to the target distance, with adjustments made to energy share and thrust to
come as close as possible to the target altitude. If the aircraft state at the target distance does not meet
the constraint imposed by the altitude control, the flight fails, and AEDT issues a message accordingly.

The profile calculated to each target is comprised of one or more steps. The latest calculated state is
compared to the en-route climb parameters to determine an appropriate step type and limiting values
for clipping (by interpolation). If the latest CAS is less than the climbout CAS and the latest Mach number
is less than the climbout maximum Mach number, a full BADA increasing-CAS climb step is calculated
and clipped where it reaches the target distance and/or the maximum Mach number. If the latest CAS is
not less than climbout CAS but the latest Mach number is less than the climbout maximum Mach
number, a BADA constant-CAS step is calculated to the target distance and clipped where it reaches the
maximum Mach number. This step evaluation and clipping provide a new latest calculated state, and the
process is repeated until the latest state is at the target distance. Note that the SAE-AIR-1845-BADA
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transition point, and all BADA increasing-CAS climb steps that follow it, could be interpreted as a
“transition” between the two models, as this sequence begins with a state computed using SAE-AIR-
1845/Doc 29 analysis and ends on the BADA speed schedule.

3.9.1.7.2.1 Full BADA Increasing-CAS Climb Step

In the case of increasing CAS during climb, the energy share is held at a constant value and a final CAS is
targeted. With the final CAS constrained, the final true airspeed (TAS) is a function of the step height.
The step height and final TAS are not directly calculable, but can be iteratively determined together by
finding the root of the function:

vi (he) —vE, 11— f(M)

F(hs) = 200 —h) 70} Eq. 3-162

where
F Function whose root is the altitude where the target CAS is reached (dimensionless);
hs Final altitude (m);

i Initial altitude (m);

f{M} BADA standard climb energy share for increasing-CAS climb 0.3 (dimensionless);

g Earth’s gravitational acceleration (m/s?);

Initial true airspeed (m/s); and

Final true airspeed (m/s).

This does not resolve the step length, however. The length of the step is related to the thrust through
the climb angle equation Eq. 3-148. By solving this for the step length of the BADA maximum thrust
setting at the final altitude, AEDT determines the shortest step length (steepest climb angle and largest
acceleration) supported there.

If the climb angle of the standard BADA increasing-CAS climb step exceeds the angle of a direct climb to
the target, the angle could be reduced either by reducing thrust or by reducing energy share. Since it is
not realistic to reduce thrust while attempting to accelerate, AEDT calculates a reduced-angle
increasing-CAS climb at full thrust, implicitly reducing the climb energy share below the standard value.
With climb angle constrained, the geometry of the step is determined by iteratively finding the root of
the function:

T,.(L) — D(L 1 AvA(L
M—siny—— vr (L) Eq. 3-163

FL) = mg g 2L
where
Function whose root is the step length where the target CAS is reached (dimensionless);
Step length (m);
BADA maximum climb thrust (N);
BADA drag (N);
Aircraft mass (kg);
Earth’s gravitational acceleration (m/s?);
Target climb angle (radians); and
Final true airspeed (m/s).

I opHs T

D < Q
<
-]
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3.9.1.7.2.2 Constant CAS or Constant Mach Climb

For constant-CAS and constant-Mach BADA climbs, a target altitude and target climb angle are provided,
and one aspect of speed is held fixed. AEDT begins by determining whether or not the target climb angle
is supported at the target altitude by evaluating equation Eq. 3-148 for the climb angle using the target
altitude and maximum climb thrust setting, using the appropriate energy share equation as discussed in
Section 3.9.1.7.1.3. If the climb angle supported by maximum thrust at the target altitude meets or
exceeds the target climb angle, the target is reached, and equation Eq. 3-148 is evaluated for thrust
using the target climb angle and altitude. If the target climb angle is not supported by the maximum
thrust at the target altitude, the maximum achievable altitude is determined by iteratively finding the
root of the function:

hr — b
fiM3(hs) — (y — ha) Eq. 3-164

Ad? + (hy — )’

(Tm(hf) - D(hf))

F(hy) = 7

where
F Function whose root is the maximum achievable step height (dimensionless);
hs Final altitude (m);
h; Initial altitude (m);
Tm BADA maximum climb thrust (N);
D BADA drag (N);
m Aircraft mass (kg);
g Earth’s gravitational acceleration (m/s?);

f{M} BADA climb energy share for the given speed conditions; and
Ad Distance to target (m).

3.9.1.7.3 Approach Operations

Approach operations cannot have ascending altitude control to altitude control steps, so AEDT ensures
that all steps will be either descend or level steps. Thus, AEDT looks for the first altitude control with an
altitude greater than 10,000 ft. Once it is determined which track segment to start modeling on, AEDT
loops through the rest of the track segments, modeling from track segment to track segment as the
altitude controls dictate.

Once the index of the next track segment in the track segment list is identified, the track segment is
considered the current segment. The next altitude control following the current segment is then located
in the list of track segments. The current segment and the next segment bridge a descent step. For the
first BADA step, a decelerating descent step is substituted for a pure descent step, as the aircraft must
transition from scheduled BADA CAS to interpolated SAE-AIR-1845% speeds. If one decelerating descent
step is unable to slow down enough, the decelerating descent step is used again, until the speeds can be
smoothly transitioned. After a step has been modeled, the next track segment becomes the current
segment and a new next track segment is identified. This loop is repeated until all track segments with
altitude controls have been modeled.
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Approaches are modeled in reverse, from a step to step perspective. That is, the order of descending
steps begins with the descent to 10,000 ft AFE and ends with the descent from the cruise altitude.

3.9.1.7.3.1 Descend Steps

When calculating a descend step, first a determination must be made regarding in which altitude region
the step is taking place. If the descent will cross the Mach transition altitude, the step will be split into
two pieces, one going from the starting step altitude dropping to the Mach transition altitude using the
BADA Mach velocity, and one ranging from the transition altitude down to the final step altitude using
the BADA CAS. The primary difference between those two steps is the velocity used. If the Mach
transition altitude is not crossed during the step, then the step is not split.

For descent steps, the following is the methodology for how the step is calculated. First, based on if the
step is starting above the Mach transition altitude or not, it is determined if BADA CAS or BADA constant
Mach should be the speed used for the descent step.

Next, the aircraft headwind is calculated. This is done by finding the heading of the current track
segment and taking the projection of the headwind, which is altitude dependent. The heading of the
current track segment is found by converting the latitude and longitude of the endpoints of the track
segment into a planar X-Y coordinate system via a geographic projection system. The X-Y coordinate
system has its origin at the start point of the track segment, so finding the unit vector of the track
segment is done by normalizing the X and Y components of the segment end point. That unit vector is
then multiplied by the magnitude and vector of the headwind, resulting in the projection of the
headwind vector onto the track segment vector.

AEDT calculates the dh/dt climb rate term of the force balance equation by dividing the change in
altitude of the segment by the product of the segment length divided by the total segment speed (BADA
speed — headwind).

Finally, AEDT calculates the energy share factor for the altitude region in which the step takes place.
Once all of the terms on the right-hand side of Eq. 3-148 are known, the thrust for the step is calculated.

3.9.1.7.3.2 Decelerating Descent Steps

Decelerating descent steps are used to bridge the speed differences between the SAE-AIR-1845% and
BADA models. These steps both descend to the next altitude control as well as decrease the aircraft’s
speed. This is done by substituting different end speed values than those dictated by the BADA CAS
schedule. Other than that, they act like normal descent steps. Note that this step could be interpreted as
a “transition” between the two performance specifications models, as it begins on the BADA speed
schedule and ends with a state computed using SAE-AIR-1845/Doc 29 analysis.

Once the descent step has been modeled, a fixed trajectory point is populated with the final altitude,
the thrust for the step, the speed traveled during the step, the horizontal track distance of the step,

operation mode type, and point number.

The thrust is then converted from raw force units to corrected net thrust per engine.
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3.9.1.7.4 Overflight Operations

Overflight operations in BADA are less restricted than approaches and departures in terms of the steps
they can process. Specifically, overflights are able to model ascending or descending altitude controls in
any order required by using climb and descend steps respectively.

Due to the flexible nature of the trajectories overflights can be assigned to, AEDT uses BADA for any
modeled altitudes at or above 10,000 ft and SAE-AIR-1845/Doc 29 for any altitudes below 10,000 ft.
Overflights that have two controls that span the 10,000 ft altitude will use each model for their
respective portions of the track between those two controls.

Overflight modeling consists of a similar iterative process that approaches and departures perform. The
next track segment with an altitude control is identified as the current segment, and the next altitude
control following that segment is identified as the target. If the target altitude control altitude is higher
than the current altitude by more than 100 ft, a climb step is called, as described below. If the next
target is lower than the current altitude by more than 100 ft, a descend step is called as described in
Section 3.9.1.7.3.1. If neither of those step types are called, a cruise step is modeled.

3.9.1.7.4.1 Climb Steps

When calculating a climb step, first a determination must be made regarding in which altitude region
the step is taking place. If the step will cross the Mach transition altitude, the step will be split into two
pieces, one going from the starting step altitude leading up to the Mach transition altitude, and one
ranging from the transition altitude to the final step altitude. The primary difference between those two
steps is the velocity used. If the Mach transition altitude is not crossed during the step, then the step is
not split.

For climb steps, the following is the methodology for how the step is calculated. First, based on if the
step is starting above the Mach transition altitude or not, it is determined if BADA CAS or BADA constant
Mach should be the speed used for the climb step.

Next, the aircraft headwind is calculated. This is done by finding the heading of the current track
segment and taking the projection of the headwind, which is altitude dependent.

The heading of the current track segment is found by converting the latitude and longitude of the
endpoints of the track segment into a planar X-Y coordinate system via a geographic projection system.
The X-Y coordinate system has its origin at the start point of the track segment, so finding the unit
vector of the track segment is done by normalizing the X and Y components of the segment end point.
That unit vector is then multiplied by the magnitude and vector of the headwind returned by the
Weather Module, resulting in the projection of the headwind vector onto the track segment vector.

The dh/dt climb rate term of the force balance equation is calculated by dividing the change in altitude
of the segment by the product of the segment length divided by the total segment speed (BADA speed —
headwind).

Finally, the energy share factor is calculated for the altitude region in which the step takes place. Once
all of the terms on the right-hand side of Eq. 3-148 are known, the thrust for the climb step is calculated.
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3.9.1.7.4.2 Climb Step Post-Processing

Once the climb step has been modeled, a fixed trajectory point is populated with the final altitude, the
thrust for the step, the speed traveled during the step, the horizontal track distance of the step,
operation mode type, and point number. The thrust is then converted from raw force units to corrected
net thrust per engine via the following:

F _E/N Eq. 3-165
6 1)
where
) Atmospheric pressure ratio;
F Total thrust; and
N Number of engines.

If the thrust type is Percent, then the noise thrust is calculated as a percentage of static thrust, as
discussed in Section 3.6.2.2.

Once the thrust has been converted, the trajectory point is then added to the end of the existing list of
trajectory points.

3.9.1.7.4.3 BADA Thrust Limits

Once the thrust for the step has been determined, it is compared to the maximum achievable thrust the
aircraft can produce at the altitude at which it is currently flying.

If the thrust needed to perform the climb step is greater than the maximum thrust the aircraft has
available, the step is recalculated, with the aircraft flying at max thrust in an attempt to see how high it
can climb over the course of track segment. The altitude achieved in this recalculation is then compared
to the requirements of the altitude control.

To find the maximum achievable altitude, a convergence loop is established in which the end altitude is
varied and the thrust calculated as with a normal climb step. The convergence is achieved when the
calculated thrust is less than 1/1,000,000 Newtons less than maximum thrust. The altitude used on the
iteration when that convergence criterion is achieved is the maximum achievable altitude.

If the maximum achievable altitude loop is unable to find a point of convergence, a secondary backup
loop is initiated, where in each iteration, the final altitude is lowered from the previous target in 100 ft
increments, starting at the original altitude control altitude. This loop replicates the climb step, with the
exception of the exit criteria, which remains the same as the convergence loop.

If neither the convergence loop nor the secondary backup loop are able to find a satisfactory maximum
achievable altitude, an exception is generated.

Once an achievable maximum altitude is determined, that altitude is compared to the criteria set forth
by the altitude control. Additionally, AEDT allows for a 300 ft tolerance on either side of an altitude
control altitude when checking if an altitude control has been satisfied. Specifically:
e If an achieved altitude is within 300 ft above or below an At type altitude control altitude, it is
acceptable and within allowed tolerances.
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e If an achieved altitude is below or within 300 ft above an AtOrBelow type altitude control
altitude, it is acceptable and within allowed tolerances.

e [f an achieved altitude is above or within 300 ft. below an AtOrAbove type altitude control
altitude, it is acceptable and within allowed tolerances.

If the maximum achieved altitude is found to be within allowed tolerances, it is returned as the final
altitude for the climb step.

3.9.1.7.4.4 Cruise Steps

Cruise steps follow the same force balance as the rest of the BADA steps, given in equation Eq. 3-148.
However, the starting and ending altitudes of the step are equal, so thrust is equal to drag as given in Eq.
3-146. Cruise steps also have a slightly different limitation on thrust than climb steps. Specifically,
maximum cruise thrust is set by BADA at 95% of maximum climb thrust.

For cruise segments longer than 10 nmi for which there is no change in altitude, a thrust transition
segment is added after the first 1,000 ft of the segment. The purpose of these segments is to allow for
any thrust or speed transitioning that may occur between a previous climb or descend step and the
current level step.

3.9.2 Sensor Path Flights

For advanced users pursuing complex use cases (e.g., research or simulations), AEDT supports trajectory
specification for full flight runway-to-runway operations in the form of sensor path data. Each data
sample specifies a location and groundspeed. The calculated performance result will tend to conform to
these inputs, subject to the constraints of the performance model. The performance calculations for
runway-to-runway operations proceed as follows:

e The input flight path is smoothed and filtered.

e The terminal-area departure portion of the operation is calculated.
e The en-route portion of the operation is calculated.

e The terminal-area approach portion of the operation is calculated.

Note that a sensor path may never reach 10,000 ft AFE, in which case the distance-weighted average
altitude of the sensor path with respect to sea-level provides the dividing line at each end.

3.9.2.1 Preliminary Processing

First, before any preprocessing is performed on the original sensor path data, the horizontal length is
calculated by integrating great circle path lengths between points. This is used to choose an appropriate
standard profile by stage length for the terminal-area portion of the operation (see Table 11-16 or Table
11-30 for details on the correspondence between horizontal distance and stage length).

AEDT smooths and applies filters to the altitude and speed profiles implied by provided sensor path
data. The user has the option whether or not the filtering will be applied. All samples preceding the first
sample above 500 ft AFE at the departure airport, and all samples following the last sample above 500 ft
AFE at the arrival airport, are discarded. Sensor path samples are discarded where the magnitude of
acceleration to or from an adjacent sample exceeds the global longitudinal acceleration limit imposed by
BADA. Samples for which the change in climb angle exceeds the BADA normal acceleration limit are also
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discarded. Exponential smoothing is applied to the remaining altitude and speed profiles in the forward
and reverse directions. This results in the “trusted” path.

AEDT separates the trusted path into its phases. There can be up to five phases: terminal area-
departure, enroute climb-out, enroute cruise, enroute descent, and terminal-area arrival. Three key
altitudes are calculated to aid in this separation:
e Cruise Altitude is a distance-weighted average of the target altitudes.
e Departure Top Altitude is the altitude at which Doc 29-based calculations are intended to end
and give way to BADA-based modeling. It is the lesser of:
o 10,000 feet above the departure airport, and
o Cruise Altitude
e Arrival Top Altitude is the altitude at which Doc 29-based calculations recommence. It is the
lesser of the following two quantities:
o 10,000 feet above the arrival airport
o Cruise Altitude

Using these altitudes, the trusted path is separated as follows:

e The terminal-area departure phase consists of all points preceding the point where the altitude
reaches the departure top altitude.

e The en-route climb phase consists of all points from where the departure top altitude is first
reached to where the cruise altitude is first reached.

e The en-route cruise phase consists of all points from where cruise altitude is first reached, to
where cruise altitude is last reached.

e The en-route descent phase consists of all points from where cruise altitude is last reached, to
where the arrival top altitude is last reached.

e The terminal-area arrival phase consists of all points from where the arrival top altitude is last
reached, and all subsequent points.

A final filtering step, which we refer to as “super-segmentation”, is applied to each phase. This process
begins by identifying points for which acceleration is equal to the average acceleration for the phase, or
for which climb angle is equal to 130% or 70% of the average climb angle in the phase. Points which
meet any of these criteria are termed super-segmentation control points. Points which aren’t super-
segmentation control points have their altitude and speed values modified according to interpolation of
the altitudes and speeds at supersegmentation control points.

From this point, the smoothed, filtered, separated, and super-segmented points constitute target states
for subsequent performance analysis.

3.9.2.2 Terminal Area

AEDT internally defines terminal-area operations for the departure and approach phases. Each of these
operations contains a pointwise ground track based on the pre-processed sensor path data. For each
target from the departure and en-route phases, the track for the departure operation has one track
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point with the same surface coordinate. In cases where the target is a super-segmentation control point,
the corresponding track point has an altitude control of type “At or below”, targeting the altitude of the
control point. The track for the approach operation is constructed similarly, except that only targets
from the approach phase are used. Altitude controls are then forced to be monotonically increasing (for
departures) or decreasing (for approaches).

AEDT processes performance for the two terminal-area operations as described in section 3.9.1. The
departure operation is processed first. The portion of that operation’s performance up to where the
departure top altitude is first reached (interpolating as needed) is kept as the departure performance.
Then, AEDT processes performance for the en-route phases (described in the next section), and the
approach operation. The final point in the result of each phase informs the initial point of the next
phase, and all results are combined into a complete runway-to-runway result. Note that since the
terminal area portion of sensor path analysis is performed using altitude controls, terminal area speeds
are determined by the standard procedural profile, and sensor path speeds in the terminal area do not
inform the performance results.

3.9.2.3 En-route Phase Overview

After the final state of the aircraft has been determined for the departure phase, performance
calculations are performed for en-route phases. AEDT calculates performance for each en-route phase
of targets in turn, using the final state of any given phase as the initial state of the subsequent phase.
Note that when the computed departure phase extends beyond a given phase of en-route targets,
performance analysis for that phase of targets is skipped.

Performance for an en-route phase of targets begins from the final state of the preceding computed
phase. From there, a performance segment is computed for flight to the first target that follows. This is
repeated for all subsequent targets in the phase.

3.9.2.4 En-route Performance Segment Calculation

En-route performance segments are computed for each target. AEDT calculates the segment such that
it comes as close as possible to the target state, subject to the performance limitations of the aircraft,
and prioritizing the target altitude over the target ground speed. For each segment of an en-route
phase, the initial point is taken from the final point of the previous segment. This includes the initial
altitude, h;. All calculations to determine the final point are based on the initial time and initial aircraft
weight. The final geographic coordinate is known from the sensor path specification, and as a result, the
segment’s horizontal length is known.

The final point of a segment is first limited by BADA envelope considerations. First, the envelope-limited
final altitude, h](cl), is determined by limiting the final altitude, h(o), specified in the sensor path by the
maximum final altitude, hfmax’ with the aircraft mass taken from the initial point, and the temperature

deviation sampled at the initial time and final geographic coordinate, at sea level. AEDT then determines
the envelope-limited final groundspeed, VG(fl), by limiting the final groundspeed, VG(;)), specified in the

sensor path by the minimum final calibrated airspeed, V,;,;5,, and by the BADA aircraft’s maximum
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operating CAS, V. Note that all comparisons between groundspeed, true airspeed, and calibrated

airspeed are performed in the context of the envelope-limited final altitude, h}l).

Next, the BADA longitudinal acceleration limit is applied to the final groundspeed of the segment. The
acceleration-limited final groundspeed, VG(f), is initialized to the envelope-limited final groundspeed,
VG(fl), and then limited by iteratively decrementing (or incrementing, as appropriate) by one foot per

second until it satisfies:

2
a1 max(civ) L%l + (h](fl) - hi)

() _ < Eq. 3-166
|VGf Vou| = 1(V(2) Ly )
2 \'Gy Gji
where

h; Initial altitude (m);
h}l) Envelope-limited final altitude (m);
VG(fZ) Acceleration-limited final groundspeed (m/s);
VGL. Initial groundspeed (m/s);
L Segment horizontal length (m); and
A1 max(civ) Maximum longitudinal acceleration for civil flights.

The maximum allowed change in climb angle, Ay, 4, from the previous segment’s climb angle is
calculated by:

2
an,max(civ)\/l'%l + (hf("l) - hi)

- _ Eq. 3-167
[z (7% + e,

AVmax =

where
(n,max(civ) Maximum normal acceleration for civil flights.

The acceleration-limited final altitude, h}z), is adjusted such that the climb angle, y, does not differ from
the previous segment’s climb angle by more than this amount.

After limiting is complete, segment duration At (s) is calculated from:

2
12 + (k% -
\/1" ( f l) Eq.3-168

At =
2 (%7 +Ve.)

where

h](cz) Acceleration-limited final altitude (m).
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Acceleration a (m/s?) is calculated from:

@ _
a4 = Yoy — Vi Eq. 3-169
At
and the climb rate from:
@ _
dh _ by —hi Eq. 3-170
dt At

Drag is calculated as outlined in Section 3.9.1.7.1.4, and total net thrust is calculated according to Eq.
3-147, with the appropriate speed and density choices (initial values for initial thrust, final values for
final thrust).

If the final thrust exceeds the maximum climb thrust (as evaluated at the final location) by more than
20%, then thrust limiting is applied. Here, the final speed is iteratively decremented, one knot at a time.
With each iteration, the final thrust is recalculated in the same manner as originally calculated. Iteration
continues as necessary until the final thrust is within limits, or until the final speed falls below either the
initial segment speed or the stall CAS. If the final thrust still exceeds the limit, the final altitude is
recursively bisected between the initial altitude and the final altitude until the interval is less than one
foot. If the bisection method does not find an altitude that satisfies the thrust limits, the final altitude is
set to the initial altitude; then checked if thrust limits are satisfied. If the final thrust still exceeds the
limit, the air operation is rejected, and an error message is logged.

At this point, there is enough information available to calculate the segment fuel flow and fuel burn,
along with the change in weight. Note that the initial thrust calculated for the segment overrides the
final thrust calculated according to the previous segment.

AEDT supports user-specified altitude and groundspeed deviation warning tolerances. The user can
specify an altitude warning tolerance and/or a speed warning tolerance. Whenever a computed altitude
or groundspeed differs from the target value by more than the tolerance (if specified), AEDT logs a
warning to the user.

3.9.2.5 Sensor Path Processing with BADA 4

In addition to processing sensor path trajectory data using SAE-AIR-1845/Doc 29/BADA 3 methods,
BADA 4 methods can also be used to model aircraft performance from sensor path trajectory data in a
similar manner. Refer to the “AEDT sensor path methods using BADA4” report?! for documentation on
general techniques of using BADA 4 data and method in AEDT with sensor path trajectory data.

The BADA 4 sensor path methods have been modified from the methods described in the “AEDT sensor
path methods using BADA 4”report. In that document, and in versions of AEDT prior to 3¢, the method
of determining the BADA 4 aircraft configuration schedule used only the aircraft altitude (see Section 4
Flaps and slats issues in the report). AEDT 3¢ now uses a combination of altitude and airspeed
information and ANP procedure data — when available — to provide a more realistic high-lift deployment
schedule for BADA 4 sensor path operations.
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During arrivals, the BADA 4 aircraft are initially modeled in one of three configurations: cruise, approach,
and landing. Above the approach configuration altitude (measured as Above Field Elevation), the aircraft
remains in the cruise configuration, regardless of airspeed. Below the approach configuration altitude,
and above the landing configuration altitude, the BADA 4 aircraft will transition to the approach
configuration when the calibrated airspeed falls below the minimum calibrated airspeed for the cruise
configuration plus an airspeed safety margin. Below the landing configuration altitude, the BADA 4
aircraft will transition to the landing configuration when the calibrated airspeed drops below the
approach configuration airspeed plus an airspeed safety margin. This method of assigning arrival
configurations is shown schematically in Figure Figure 3-19 below. Each datum in the method (e.g. the
landing configuration airspeed) may be unique to the particular BADA 4 aircraft, and may be affected by
the weight of the aircraft, the local atmospheric conditions, and the bank angle of the aircraft.

The current calibrated airspeed of the aircraft is then compared to the airspeeds in the associated ANP
aircraft’s standard arrival profile. If the ANP procedure step which encompasses the current sensor path
point’s airspeed contains a flap configuration that is ‘dirtier’ (i.e. a higher flap/slat deployment, so that
the ‘R’ drag-over-lift coefficient is higher) than the current associated BADA 4 high-lift configuration,
then the aircraft configuration is changed to the flap configuration of that ANP procedure step. If the
ANP procedure step which encompasses the current sensor path point’s airspeed contains flap
configuration data that is the same as the current configuration, ‘cleaner’ than the current
configuration, or does not exist (as is the case with ANP procedure steps where idle thrust is used), then
the BADA 4 high lift configuration is unchanged from that in the prior sensor path point.

The logic in the prior two paragraphs allows the BADA 4 sensor path aircraft to follow the high lift
configuration of the ANP procedure steps based on calibrated airspeed when the ANP arrival data exist,
to follow the BADA 4 high-lift configuration methods based on airspeed and AFE altitude when the ANP
data do not exist, and to maintain a logical progression of high-lift deployment when the ANP procedure
profile does not contain complete flap deployment information.

Note that the AEDT BADA 4 sensor path methods do not allow a change to a ‘cleaner’ configuration on
approach once a ‘dirtier’ configuration has been selected.
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Figure 3-19 Schematic of BADA 4 Sensor Path Arrival Configuration Schedule

3.10 Noise Mode

Performance calculations in AEDT include the determination of which NPD curve to use in noise

calculations (discussed in Section 4). This determination is made for each individual trajectory segment.

For helicopters, there is an NPD curve associated with each type of procedure step. Thus, each trajectory

segment is assigned the NPD curve that corresponds to the type of procedure step undergone during

that segment. For airplanes, all trajectory segments outside of the terminal area are assigned departure

mode. Airplane segments in the terminal area that originate from explicit fixed-point profiles are

assigned the NPD curve that is assigned to the nearest fixed-point at or preceding the trajectory

segment. Airplane segments in the terminal area that originated from any other treatment are assigned

departure mode if they are climbing, accelerating at constant altitude, or applying reverse thrust during

ground roll; approach mode is assigned otherwise.
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4. Noise

AEDT computes noise from a series of individual aircraft operations (known as single-event noise), and
then accumulates these single-event noise levels across all of the events in an AEDT study into
cumulative noise levels for the study. This is done according to the steps below:

1. Accept aircraft-specific data (equipment, noise, position, and operational data) and study-
specific data (weather, terrain, boundary, or ambient data) as input (see Sections 2.2 and 0);

2. Determine the unadjusted noise values at the receptors (see Sections 4.2.1 and 4.2.2);

3. Apply adjustments to account for environmental, meteorological, operational and position
effects (see Sections 4.3, 4.4 and 4.5);

4. Compute the single-event base metrics at the receptors (see Sections 4.6.1, 4.6.2, 4.6.3 and
4.6.4);

5. Repeat steps one through four for each unique, single event in the AEDT study;

6. Accumulate the noise output and compute the appropriate noise metrics (see Section 4.6.5);
and

7. Annualize noise results (see Section 8).

Figure 4-16 and Figure 4-17 graphically summarize the acoustic computation process employed in AEDT.
Figure 4-18 graphically summarizes the accumulation of noise metric computation process.

The noise, aircraft flight profile and flight path computation methodologies implemented in AEDT
Version 3c are compliant with European Civil Aviation Conference (ECAC) Doc 29*° (4th Edition) “Report
on Standard Method of Computing Noise Contours around Civil Airports” and the International Civil
Aviation Organization (ICAO) Doc 9911 (2nd Edition), “Recommended Method for Computing Noise
Contours Around Airports”L,

4.1 Flight Path Segment Parameters
As a prerequisite to noise level computations, AEDT computes several geometric and physical

parameters associated with an aircraft flight path. This section describes the computation of these
parameters.

Computation of the following flight-segment geometric parameters is presented in Section 4.1.1:
e The closest point of approach on the flight path segment, or the extended flight path segment,
to the receptor; and
e The slant range from the receptor location to the closest point of approach.

Computation of the following flight-segment geometric and physical parameters is presented in Section
4.1.2:
e The speed along the flight path segment;
e The altitude associated with the flight path segment;
e The over-ground, sideline distance from the receptor location to the ground-projection of the
closest point of approach; and
e The engine power associated with the flight path segment.
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Figure 4-1 through Figure 4-3 present, respectively, the receptor/flight-segment geometry for the three
general AEDT cases:

e The receptor is behind the flight path segment (Figure 4-1)

o The receptor is astride the flight path segment (Figure 4-2)

e The receptor is ahead of the flight path segment (Figure 4-3)
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Figure 4-1 Flight-Segment Geometry when a Receptor is Behind a Segment
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Figure 4-2 Flight-Segment Geometry when a Receptor is Astride a Segment
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Figure 4-3 Flight-Segment Geometry when a Receptor is Ahead of a Segment

The variables shown in Figure 4-1 through Figure 4-3 are defined as follows:

P Receptor point
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P1
P2
Ps

P1P>

PP

PP

PP

SLRpth

CPA

SLRseg

das

Start-point of the flight path segment

End-point of the flight path segment

PCPA, the point on the flight path segment, or the extended flight path segment,
which is the perpendicular closest point of approach to the receptor, as defined
in detail in Section 4.1.1, below. The specific definition depends on the position
of the receptor relative to the flight path segment.

Vector from the start of the flight path segment to the end of the flight path
segment. It has a minimum length of 10 ft.

Vector from the start of the flight path segment to the receptor. It has a
minimum length of 1 ft.

Vector from the end of the flight path segment to the receptor. It has a
minimum length of 1 ft.

Perpendicular vector from the receptor to PCPA on the flight path segment, or
the extended flight path segment, as defined in detail in Section 4.1.1. It has a
minimum length of 1 ft.

| PsP|, the length of the perpendicular vector from the receptor to PCPA on the
flight path segment, or the extended flight path segment as defined in detail in
Section 4.1.1. It has a minimum length of 1 ft.

Length of the flight path segment. It has a minimum length of 1 ft.

Point on the flight path segment, not the extended flight path segment, which is
the closest point of approach to the receptor, as defined in detail in Section
4.1.1. The specific definition depends on the position of the receptor relative to
the flight path segment.

Length of the vector from the receptor to CPA on the flight path segment, not
the extended flight path segment, as defined in detail in Section 4.1.1. It has a
minimum length of 1 ft.

Relative distance along the flight path segment, or the extended flight path
segment, from P; to Ps (ft). The value of q is used to determine the position of
the receptor relative to the flight path segment, as shown in Table 4-1.
Distance along the flight path segment from the start of the segment at P; to
CPA. Depending on the value of q, i.e., the relative geometry between the
receptor and the flight path segment, das takes on the values shown in Table 4-1.

Table 4-1 Position of the Receptor Relative to the Flight Path Segment

Value of q

Value of das Position of Receptor
Relative to Flight Path Segment

g<o0

0 Receptor is behind segment (Figure 4-1)

O0<qgc<slL

q Receptor is astride segment (Figure 4-2)

g>L

Receptor is ahead of segment (Figure 4-3)

4.1.1 Closest Point of Approach and Slant Range

The closest point of approach and slant range parameters are fundamental to AEDT computations. The
slant range is used for noise level interpolation of the NPD data (see Section 4.2.2). In addition, the
computation of the closest point of approach and slant range parameters is a prerequisite to the noise
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fraction algorithm used for exposure-based metrics (see Section 4.3.3) and for lateral attenuation (see
Section 4.3.5).

The slant range from the receptor location to the closest point of approach on the flight path (SLRyh) is
defined as the distance from the perpendicular closest point of approach (PCPA), on the flight path
segment or the extended flight path segment, to the receptor. SLRy is used for exposure-based metrics
because NPDs represent aircraft data on infinitely long flight paths, and the time-based nature of the
exposure-based metrics makes the difference between finite flight path segments (as modeled in AEDT)
and infinite flight paths significant. To obtain the noise exposure level due to an aircraft proceeding
along a finite flight path segment in AEDT, the exposure-based noise level data must be adjusted by the
noise fraction adjustment, which accounts for the geometry difference between SLRyth and SLRseg. The
specific definition of PCPA depends upon the position of the receptor location relative to the flight path
segment. If the receptor is behind or ahead of the flight path segment, then the PCPA is the intersection
point of the perpendicular from the receptor to the extended segment. If the receptor is astride the
flight path segment, then the PCPA is the intersection point of the perpendicular from the receptor to
the segment.

The exceptions to the above definition for slant range occur:
e When the receptor is behind a takeoff ground-roll segment (see Section 4.4.2);
e During runup operations; and
e When performing computations involving Lasmx, Lentsmyx, OF time-based metrics.

In these cases, the slant range, designated SLR.eg, is defined as the distance from the receptor location to
the closest point of approach on the flight path segment (CPA), not the extended flight path segment.
The specific definition of the CPA depends on the position of the receptor location relative to the flight
path segment. If the receptor is behind the flight path segment, the CPA is the start point of the
segment. If the receptor is astride the flight path segment, the CPA is equivalent to the PCPA. If the
receptor is ahead of the flight path segment, the CPA is the end point of the flight path segment.

4.1.2 Speed, Altitude, Distance, and Power
Computations of the following four parameters, associated with each flight path segment, are described
in this Section.

e The speed at the CPA;

e The altitude at the CPA;

e The horizontal sideline distance from the receptor location to the vertical projection of the CPA,;

and
e The engine power setting (also known as thrust setting) at the CPA.

These computation methodologies are identical for fixed-wing aircraft and helicopters, except for the
computation of engine power setting. Engine power setting is fixed for helicopters in AEDT. Therefore,
the following engine power setting computation methodology is only applicable to fixed-wing aircraft.

The aircraft speed, ASs, at CPA is computed via linear interpolation as follows:

AAS
ASseg = ASP]_ + I:T Eq 4-1
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where
ASp; Speed at the start of the flight path segment (kts); and
AAS  Change in speed along the flight path segment (kts).

AS.e; is used to compute the duration adjustment for exposure-based noise level metrics as presented in
Section 3.4.4.

The altitude, dseg, in ft at the CPA is computed via linear interpolation as follows:

dseg [Pl dAS ( 1P2)Z] hterr - hairport Eq. 4-2
where

[P], Altitude at the start of the flight path segment, given by the z-component of the
vector from the origin of coordinates to the start of the flight path segment (ft
above field elevation);

(P1Py), Change in altitude along the flight path segment (ft);

Rierr Terrain elevation (ft MSL); when the terrain option is not invoked, hier =
hapre; and

hairport Airport elevation (ft MSL).

The sideline distance from the fixed path segment to the receptor, ls, defined as the distance in the
horizontal plane from the receptor location on the ground to the vertical projection of the CPA,
is computed as follows:

1
seg (SLRseg dgeg) 2 Eq. 4-3

where
SLRseq4 Length of the vector (ft) from the receptor to CPA on the flight path segment, not the

extended flight path segment; and
dsey  As computed above (Eq. 4-2).

The sideline distance, lseg, is used to compute the ground-to-ground component of the lateral
attenuation adjustment as presented in Section 4.3.5.

For fixed-wing aircraft, the engine power setting, Pseg, at the CPA is computed via linear interpolation:

Pyoy = P, +[@]-AP Eq. 4-4
seg P1 2 .

where
Ppq Engine power at the start of the flight path segment (see Section 2.2.1.1 for units*V); and
AP Change in power along the flight path segment.

xiv Engine power setting, also known as thrust-setting, is expressed on a per engine basis in a variety of units, including pounds,
percent, engine-pressure-ratio (EPR), as well as other units.
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Pse4 is used in performing noise level interpolation as presented in Section 4.2.2*.

4.2 Noise-Power-Distance (NPD) Data Computations

Noise propagation is represented in AEDT with a database of NPD data, which are specific according to
aircraft type, aircraft operation type, and noise metric (and, in the case of helicopters, directivity). As
described in Section 2.2.1.1, the NPD data for a fixed-wing aircraft in AEDT consist of a set of decibel
levels for various combinations of aircraft operational modes (approach, departure, overflight), engine
power states and slant distances from receptor to aircraft. Each NPD has noise levels at the following
ten AEDT distances: 200; 400; 630; 1,000; 2,000; 4,000; 6,300; 10,000; 16,000; and 25,000 ft. In addition,
each set of NPDs include NPDs with the following base noise metrics: SEL, LAMAX, EPNL and PNLTM.
When noise data are needed at thrust settings, distances and noise metrics not represented in the NPD
data set, they are approximated for the existing NPD database. Section 4.2.1 discusses computations
used to approximate base noise metrics, when they are not available in the AEDT database. Section
4.2.2 discusses methods for determining noise levels from the NPD data sets using interpolation and
extrapolation.

4.2.1 Noise Metric Approximations

In order to compute all of the noise metrics in AEDT from the NPDs in the Fleet database, several noise
metric approximations must be made. Section 4.2.1.1 presents methods for computing maximum noise
level approximations if the Fleet database does not include maximum noise level NPDs for a particular
airframe-engine-engine modification combination. Section 4.2.1.2 presents methods for computing C-
weighted noise level approximations from A-weighted NPDs in the Fleet database.

4.2.1.1 Maximum Noise Level Approximation

For several aircraft in the AEDT Fleet database, measured Lasmx and Lentsmx NPD data do not exist, and
they are approximated using empirical equations expressed as a function of distance and sound
exposure. These equations were developed from a statistical analysis of NPD data for aircraft in which
all four base noise level metrics exist in the AEDT database. The equations are as follows:

For civil aircraft:

Lusmy = Lag — 7.19 — 7.73 - lo [SLR—””l Eq. 4-5
ASmx AE . . d1o 1,000 qg.
SLRpen
LPNTSmx = LEPN + 122 - 934‘ " lOglO 1 000 Eq. 4‘6
where
Lae A-weighted sound exposure level (dB);

Lepn Effective perceived noise level (dB); and
SLRetw  The length (ft) of the perpendicular vector from the receptor to PCPA on the flight path
segment, or the extended flight path segment.

For military aircraft:

¥ The engine power setting for helicopters is an arbitrarily assigned number in AEDT, because the helicopter NPDs are
dependent on operational mode, instead of thrust setting. The helicopter engine power setting is determined by Pseg = Pp1.
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Lysmy = Lap — 7.84 — 6.06 - Lo [SLR””‘] Eq. 4-7
ASmx AE . . Jd1o 1,000 q.
SLRpth
LPNTSmx = LEPN + 2.51 - 5.84‘ * lOglO 1 000 Eq 4'8

4.2.1.2 C-Weighted Metric Approximation
C-weighted metrics are calculated using a simplified adjustment procedure, consistent with 14 CFR Part
36%2, as follows:

1. The aircraft spectral class is used to create two weighted spectral classes: A-weighted and C-
weighted;

2. Both weighted spectral classes are corrected back to the source (from the 1,000 ft reference)
using SAE-AIR-18455, These are the two weighted source spectra;

3. Each weighted source spectrum is corrected to the ten standard AEDT NPD distances using the
standard AEDT atmosphere (SAE-AIR-184554). This yields ten A-weighted spectra and ten C-
weighted spectra;

4. The 24 one-third octave band values of each spectrum are logarithmically summed at each AEDT
distance, yielding a distance-specific, weighted sound pressure level (La ¢ and Lc,4). These levels
are then arithmetically subtracted for each AEDT distance (La, 4 - Lc,4). This delta represents the
difference between an A-weighted metric and a C-weighted metric at each distance; and

5. Each distance-specific delta is applied to the appropriate A-weighted NPD values (NPDa, 4 + (La, d -
Lc, 4)) at the corresponding AEDT distance, resulting in a C-weighted NPD.

4.2.2 Noise Level Interpolation/Extrapolation (Lp,p)

Each aircraft in the modeling layer of the AEDT Fleet database is assigned to an NPD data set that
represents the noise levels for a discrete number of operation modes, thrust values, distance values and
metrics. To obtain noise levels that lie between thrust values or between distance values, linear
interpolation on thrust and logarithmic interpolation on distance are used. Extrapolation is used to
obtain levels outside of the bounding thrust or distances values.

The NPD data are used to either interpolate or extrapolate an associated noise level value. The
interpolation/extrapolation is a piecewise linear process between the engine power setting and the
base-10 logarithm of the distance.

Since helicopter NPDs are organized by operational mode instead of thrust level in AEDT, an expanded
process is utilized for helicopter noise interpolation/extrapolation (Section 4.2.2.4).

4.2.2.1 Standard Noise Level Interpolation/Extrapolation

Interpolation or extrapolation of NPD data for departure operations is performed using the NPD curves
designated as departure curves. Similarly, interpolation or extrapolation of NPD data for approach,
afterburner or overflight operations is performed using the NPD curves designated as approach,
afterburner or overflight curves, respectively.

For each aircraft flight operation, NPD data are available for the four fundamental noise-level metrics,
Lag, Lepn, Lasmx, @and Lentsmx. The appropriate metric is selected for interpolation or extrapolation based
upon the user-defined noise metric or family of metrics to be computed at the receptor. The specific
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distance and power value used in the interpolation/extrapolation process is dependent on the type of
base metric selected. This section discusses the distance and power values for exposure-based noise-
level metrics and maximum noise-level metrics, respectively.

Following is a generalized description of the noise interpolation for an engine power P and distance d*"\.
For this interpolation, the engine power is bounded by NPD curves with engine power P; and P,. Within
these NPD curves, the distance d is bounded by the NPD distances of d; and d,. For extrapolation, P; and
P, and d; and d; are chosen to be the core database values closest to the desired power P or distance d.

The noise level at engine power, P;, and distance, d, is given by:

L — L " (LPl,dZ - LPl,dl) “(logold] — logiolds])
P FLal (logyold;] — logsoldy])

Eq. 4-9

where
P1, P,  Engine power values for which noise data are available in the NPD database (dependent
on aircraft);
d;, d; Distance values for which noise data are available in the NPD database (ft);
Lp1 41 Noise level at power P;and distance d; (dB);
Lp; 41 Noise level at power P;and distance d; (dB);
Lpy14, Noise level at power P1and distance d, (dB); and
Lp; 42 Noise level at power P;and distance d; (dB).

The noise level at engine power, P,, and distance, d, is given by:

L -1 N (Lpz,az = Lpa,a1) * (logiold] = logsold,])
rea Fadl (logolda] — logsolds])

Eq. 4-10

Finally, the interpolated/extrapolated noise level at engine power, P, and distance, d, is given by:

(LPZ,d - LPl,d) ' (P - P1)
(P, — Py)

LP,d = LPl,d + Eq 4-11

The above methodology is utilized when:

1. The engine power and/or distance associated with the receptor/segment pair lies between
existing values in the NPD data (i.e., interpolation);

2. The power and/or distance associated with the receptor/segment pair is larger than existing
values in the NPD data (i.e., extrapolation); or

3. The power associated with the receptor/segment pair is smaller than existing values in the NPD
data (i.e., extrapolation). When noise levels are extrapolated to power settings below those
represented by the NPD curves, the extrapolation is limited to 5 dB below the lowest noise
curve. The limit is included to prevent extrapolation to unrealistic noise levels.

i Several of the military aircraft contain NPD data for afterburner operations (equivalent of “FIXED” interpolation in
NOISEMAP). If a particular flight path segment is identified as an afterburner segment, interpolation or extrapolation is only
performed with regard to distance, not power.
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The general noise interpolation/extrapolation process described in this section is applicable for the four
fundamental noise-level metrics, Lag, Lepn, Lasmx, @and Lentsmx. The specific engine power and distance
value used in the interpolation/extrapolation process is different for exposure-based noise-level metrics
as compared with maximum noise-level metrics. In addition, another special noise extrapolation process
is invoked when the distance associated with the receptor/segment pair is smaller than the smallest
distance in the NPD data (i.e., 200 ft). These special cases are discussed separately for exposure-based
noise-level metrics and maximum noise-level metrics (see Sections 4.2.2.2 and 4.2.2.3).

4.2.2.2 Additional Interpolation Information for Exposure-Based Noise Level Metrics

For exposure-based metrics, if the end points of a fixed path segment are defined by P; at the start of
the segment, and P; at the end of the segment, then the exposure-based noise level, either Lae or Lepy
interpolated or extrapolated for a receptor/segment pair, is given by:

B Lpg,, q=SLRpen Observer behind or ahead of segment
Lpg = Eq. 4-12

Lpseg,d=5LRseg Observer astride segment

where

Lpseglfsmpth Interpolated noise level (dB) based upon engine power associated with the
flight path segment, Pseg, as defined in Section 4.1.2, and the distance to the
PCPA on the extended flight path segment; and

Lpseg_d=5LRseg Interpolated noise level (dB) based upon engine power associated with the
flight path segment, Psg, and the distance to the CPA on the flight path segment
where CPA = PCPA.

For the special case in which SLRyh or SLRseg is smaller than the smallest distance value in the NPD data,
i.e., 200 ft, cylindrical divergence (i.e., line-source) is assumed, and a 10 logio[d1/d>] relationship is used
for the Lae-based and Lepn-based noise-level metrics. For example, if Lag at 200 ft and for a given power
setting in the NPD data is 95.6 dB, the extrapolated Lae at 100 ft and at the same power setting is 95.6 +
10 log10[200/100] = 98.6 dB. In addition, AEDT uses a minimum slant distance of 1 ft.

4.2.2.3 Additional Interpolation Information for Maximum Noise Level Metrics

For maximum noise-level metrics, if the end points of a fixed path segment are defined by P; at the start
of the segment, and P; at the end of the segment, then the maximum noise level, either Lasmx Or LenTsmx,
as appropriate, interpolated/extrapolated for a receptor/segment pair, is given by:

Lpa
{ Max[Lp'd,START, Lp,d,END] Observer behind or ahead of segment Eq. 4-13

Max[LP,d,START ,LP,d,pCpA,Lpld,END] Observer astride segment

where

Max] ] Function that returns the maximum of two or three noise level values;
Lp 4 sTarT Interpolated noise level (dB) based upon the distance and engine power values
associated with the start of the flight path segment;
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Lp 4 gnp Interpolated noise level (dB) based upon the distance and engine power values
associated with the end of the flight path segment; and
Lp apcpa Interpolated noise level (dB) based upon the distance and engine power values

associated with PCPA=CPA on the flight path segment.

As with exposure-based metrics, a special case applies for maximum noise level metrics when the
distance is smaller the smallest distance value in the NPD data, i.e., 200 ft. For the Lasmx-based and
Lentsmx-based noise metrics, spherical divergence (i.e., a point-source) is assumed and a 20 logio[d1/d>]
relationship is used. For example, if Lasmx at 200 ft and for given power setting in the NPD database is
95.6 dB, then the extrapolated Lasmx at 100 ft at the same power setting is 95.6 + 20 log10[200/100] =
101.6 dB. Similar to NPDs for exposure-based metrics, AEDT uses a minimum slant distance of 1 ft with
maximum noise level NPDs.

4.2.2.4 Noise Level Interpolation/Extrapolation for Helicopters

Interpolation or extrapolation of helicopter NPD data is slightly more involved than the standard aircraft
NPD interpolation and extrapolation. Besides the three standard dynamic operational modes (approach,
departure and overflight), there are also helicopter noise data for four static modes (ground idle, flight
idle, hover-in-ground-effect (HIGE), and hover-out-of-ground-effect (HOGE)).

Although interpolation and extrapolation on the Helicopter NPDs for the four static modes are
performed in the same manner as standard aircraft interpolation and extrapolation presented in Section
4.2.2, interpolation and extrapolation for the three dynamic modes are handled differently because the
data set for each operational mode consists of three NPD curves, adding another dimension to the
interpolation and extrapolation. The NPD curves for the dynamic modes also take into account in-flight
directivity and are labeled Left, Center and Right. For these dynamic modes, interpolations and
extrapolations between distance values are handled according to Section 4.2.2, and interpolations and
extrapolations between the Left, Center and Right NPDs are accounted for with the Lateral Directivity
Adjustment (see Section 4.5.2). Similar to afterburner NPDs for military aircraft, interpolation or
extrapolation is only performed on helicopter NPDs with regard to distance, not power, since helicopter
NPDs are organized according to operational mode, not thrust setting.

4.3 General AEDT Noise Adjustments

The sound level adjustments presented in Sections 4.3.1 through 4.3.6 are applicable to all aircraft in
AEDT. These adjustments include atmospheric absorption (AAap,), acoustic impedance (Alap;), noise
fraction (NFap;), duration (DURap)), lateral attenuation (LAap;) and line-of-sight blockage (LOSan).

4.3.1 Atmospheric Absorption Adjustment (AAapj)

The spectral data in AEDT has been corrected to reference day conditions, using the SAE-AIR-1845%*
standard atmosphere at a distance of 305 m. SAE-AIR-1845% specifies a hypothetical atmosphere using
average atmospheric absorption rates. These average atmospheric absorption rates are also used in the
calculation of the AEDT standard NPD data and are therefore already included in the NPDs in the AEDT
Fleet database.

Sound propagation is affected by changes in atmospheric conditions. Sound levels tend to be lower in
low humidity environments as compared to high humidity environments due to the increased
atmospheric absorption associated with the lower humidity. The spectral database in AEDT allows a user
to take into account atmospheric absorption due to the effects of local meteorological conditions on an
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airport-specific basis. AEDT provides two different atmospheric adjustments based on international
guidance: either SAE-ARP-866a (which takes into account temperature and relative humidity effects) %,
or SAE-ARP-55342% (which takes into account temperature, relative humidity and atmospheric pressure
effects).

The following steps, which are consistent with the simplified procedure of 14 CFR Part 36%?, are used to
correct the data to the user-defined atmospheric conditions:

1. The user determines whether to apply the SAE-ARP-866a or SAE-ARP-5534 atmospheric
absorption adjustment to account for the user-defined atmospheric conditions.

2. The aircraft spectrum is A-weighted (or C-weighted, as appropriate) and corrected back to the
source, (from the 1,000 ft reference), effectively removing the SAE-AIR-1845% atmosphere. This
is the weighted source spectrum.

3. The weighted source spectrum is then corrected to the ten standard AEDT distances assuming
two conditions: the AEDT standard atmosphere based on SAE-AIR-1845% and a user-supplied
atmosphere generated with either SAE-ARP-866A2% or SAE-ARP-5534%*, These are spectrumagss, 4
and spectrumwop, 4, respectively.

4. The 24 one-third octave band values of each spectrum are logarithmically summed at each AEDT
NPD distance, yielding a distance-specific, atmosphere-specific sound pressure level (Lisas, ¢ and
Lmop, d). These levels are then arithmetically subtracted for each AEDT distance (Lisas, d - Lmop, d)-
This distance-specific delta_represents the difference between the metric propagated through
the SAE-AIR-1845% atmosphere and the metric propagated through the user-supplied
atmosphere generated with either SAE-ARP-866A% or SAE-ARP-5534%* at each distance.

5. The distance-specific delta is the atmospheric absorption adjustment (AAap;), which takes into
account the user-defined temperature and humidity. It is applied to the appropriate NPD values
(NPDg + (Lisas, d — Lmop, ¢)) at the corresponding AEDT distance.

An example of the atmospheric absorption correction is presented in Section 11.1.4.

The atmospheric absorption correction for the C-weighted family of noise metrics is calculated similar to
the process outlined above using C-weighting in place of A-weighting. The atmospheric absorption
adjustment for tone-corrected perceived noise metrics is based on A-weighted spectral data. This
process is considered to be a reasonable approximation for these metrics.

4.3.2 Acoustic Impedance Adjustment (Alap))

Before the interpolated/extrapolated noise level data, Lp g, are utilized for computations, an acoustic
impedance adjustment, designated by the symbol Alap;, is applied. Acoustic impedance is related to the
propagation of sound waves in an acoustic medium, and is defined as the product of the density of air
and the speed of sound. It is a function of temperature, atmospheric pressure, and indirectly altitude.

The noise-levels in the AEDT NPD database are corrected to reference-day conditions: temperature
77°F, pressure 29.92 inches of mercury, and altitude MSL. The noise levels can be adjusted to airport
temperature and pressure by:

Alyp; = 10logyg Eq. 4-14

p-c
409.81]
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é
p-c=416.86" <n> Eq. 4-15

where
Alyp; Acoustic impedance adjustment to be added to noise level data in the AEDT NPD
database (dB);
p-c  Specific acoustic impedance at receptor altitude and pressure (N-s/m?);

0 Ratio of absolute temperature at the receptor to standard-day absolute temperature at
sea level; and
o) Ratio of atmospheric pressure at the receptor to standard-day pressure at sea level.

When terrain elevation is invoked, Alap, is computed and applied to the NPD data on a receptor-by-
receptor basis, according to the receptor altitude, temperature, and pressure. Otherwise, the airport
elevation and the receptor altitude are equivalent, and a single value of Alap, is computed and applied,
regardless of the observation point.

When terrain elevation is not invoked and when airport temperature, pressure, and altitude are equal to
77°F, 29.92 in-Hg, and 0 ft MSL, respectively, then Alap; is essentially 0.0 dB (-4.0 x 10 dB).

4.3.3 Noise Fraction Adjustment for Exposure Metrics (NFap;)

The exposure-based noise level data interpolated/extrapolated from the AEDT NPD data, Lp g, represents
the noise exposure level associated with a flight path of infinite length. However, the aircraft flight path
is described by a set of finite-length segments, each contributing varying amounts of exposure to the
overall noise metric computed at a receptor.

The noise fraction algorithm, used exclusively for computation of the exposure-based metrics (Lag, Lc,
Lern), and indirectly for computation of the time-above metrics (TAia, TAic, TApnt,), cOmputes the fraction
of noise exposure associated with a finite-length flight path segment. This fraction of noise exposure is
computed relative to the noise associated with a flight path of infinite length. It is based upon a fourth-
power, 90-degree dipole model of sound radiation.

Computation of the noise fraction is necessary because the Lag, Lce, and Lepn-based noise levels in the
NPD database are computed assuming that an aircraft proceeds along a straight flight path, parallel to
the ground, and of infinite length. To obtain the noise exposure level or time-above at a receptor
location due to an aircraft proceeding along a finite fixed path segment, the exposure-based noise-level
data, interpolated/extrapolated from the AEDT NPD data, must be adjusted by a fractional component,
which is associated with the geometry of the receptor/flight-segment pair.

4.3.3.1 Noise Fraction Adjustment for Flight Path Segments

For an arbitrary segment, the fourth-power time-history model computes noise exposure fraction, Fi,,
as follows:

1 a, aq
F,, = (_> - |—=—+tan"(a,) - ———= —tan" 1 («a Eq. 4-16
12 T {(1‘*‘“22) (az) (1+af) (a1) q

where
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o = —q1
1= Eq. 4-17
(—q1 + 1)
, =N Eq. 4-18
SL
[LE,P,d_Lsz,p,d] E 4 19
S, =S8,-10 10 Q.4
where
q1 Relative distance (ft) from the segment start point to point Ps;
L Length of segment (ft);
So 171.92 ft for Lae and Lcg, or 1719.2 ft for Lepn;
Lep,d Unadjusted interpolated NPD noise exposure level (dB) at 160 kts (Lag, Lce, Lepn); and

Lsmxpd  Unadjusted interpolated NPD maximum noise level (dB) (Lasmx, Lesmx Lentsmx)-

Both Lep,g and Lsmxp,a are interpolated from NPD data at a given engine power setting and at a distance
SLRpt, Which is the distance from the receptor to the PCPA on the extended segment.

The noise fraction is then converted to a dB adjustment:
NF,p; = 10logyo [Fi2] Eq. 4-20

The noise fraction term in AEDT has a lower limit set to -150 dB. This corresponds to a minimum value of
10" for the energy fraction F, below which there would be a risk to produce an undetermined
Logarithm (e.g., F < 0).

4.3.3.2 Noise Fraction Adjustment for Behind Start-of-Takeoff Roll

For a receptor behind the start-of-takeoff ground roll, a special case of the noise fraction equation
applies. This special case noise fraction, denoted by the symbol F12’, ensures consistency of computed
exposure levels that are on a line at azimuth angle of 90 degrees measured from the nose of the aircraft
at start of takeoff roll.

1 a,
F'=(—)-—+t -1 4
12 - [(1_'_0(%) an (az)j Eq. 4-21

L
a, = (E) Eq. 4-22

where L and S are defined in Section 4.3.3.1. This adjustment is supplemented by the ground based
directivity adjustment DIRap; (see Section 4.4.2).

The noise fraction for the special case of receptors behind the start-of-takeoff roll is then converted to a
dB adjustment:
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NFyp; = 1010910[1:12’] Eq. 4-23

A similar equation is used for receptors in front of the end point of the last approach segment.

! 1 a -
F12 = (;) . {—m — tan 1(0(1)] Eq 4-24

L
o = <S_L) Eq. 4-25

4.3.4 Duration Adjustment for Exposure-Based Metrics (DURap;)

For exposure-based metrics, consistent with SAE-AIR-1845%, NPDs are derived for a reference speed of
160 kts for fixed-wing aircraft. For fixed-wing aircraft speeds other than 160 kts, the duration
adjustment is applied to account for the effect of time-varying aircraft speed, acceleration, and
deceleration. It is not applied to maximum noise level metrics since they are mostly independent of
speed. In addition, since runup operations are static operations without associated speeds, the duration
adjustment is not applied.

For fixed-wing aircraft, the Lae and Lepn values in the NPD database are referenced to an aircraft speed of
160 kts. For other aircraft speeds, the aircraft speed adjustment in dB, DURapj, is given by:

_ ) ASref
DURAD] =10 04910 @ Eq. 4-26

where

AS.s Reference aircraft speed (160 kts for fixed-wing aircraft); and
ASsee  Aircraft speed at the closest point for approach (CPA) for the segment).

Helicopters in the AEDT database are referenced to NPD-specific reference speeds based on
measurement-specific information when the data were collected. These helicopter-specific reference
speeds are applied as ASqes in Eq. 4-26, when calculating the aircraft speed adjustment, DURap;, for
helicopters.

4.3.5 Lateral Attenuation Adjustment (LAap)
The difference in level between the sound directly under the aircraft’s flight path and at a location to the
side of the aircraft at the time of closest approach is termed lateral attenuation. The lateral attenuation
adjustment takes into account the following effects on aircraft sound due to over-ground propagation™':
e Ground reflection effects
o Refraction effects
e Airplane shielding and engine installation effects

i The lateral attenuation adjustment in AEDT was derived from field measurements made over grass-covered, acoustically soft
terrain. Consequently, when source-to-receiver propagation occurs primarily over an acoustically hard surface (e.g., water),

and the hard surface dominates the study environment, it is possible that AEDT could under predict the actual noise level.

Page 182




Aviation Environmental Design Tool 3¢ Technical Manual

For the lateral attenuation adjustment in AEDT, the ground beneath the receptor is defined by a flat
plane, regardless of whether the terrain feature is invoked or not. The absorption of reflected noise as it
propagates over this flat plane (or any surface) is known as ground effect. The ground effect component
of the lateral attenuation adjustment assumes propagation over soft ground, which is considered
acoustically absorptive. This effect is defined by equation Eqg. 4-34. In AEDT, the ground effect
component of the lateral attenuation adjustment for helicopter and propeller aircraft (e.g., tour aircraft)
can be turned off in order to model propagation over hard ground types. Since hard ground effects are
most prominent close to the ground, jets are always modeled over soft ground in AEDT.

The specific algorithms used for computing lateral attenuation in AEDT are dependent on aircraft type,
civil or military. Section 4.3.5.1 describes the lateral attenuation algorithms for civil aircraft, and Section
4.3.5.2 describes the lateral attenuation algorithms for military aircraft.

It is important to note that if terrain effects are included in an AEDT study, either the lateral attenuation
adjustment or the line-of-sight blockage adjustment are implemented in the noise adjustment
computation, but not both. Instead, the lateral attenuation adjustment is compared to the line-of-sight
blockage adjustment on a segment-receiver calculation-by-calculation basis, and the larger of the two
values is applied to the calculations. A detailed description of this computation is included in Section
4.3.6.

4.3.5.1 Lateral Attenuation Adjustment for Civil Aircraft

The lateral attenuation adjustment for civil aircraft is based on SAE-AIR-56622°. SAE-AIR-5662% provides
methods for combining multiple lateral attenuation effects, including those related to source
configuration (recognizing different source effects among jet aircraft with fuselage-mounted engines
and wing-mounted engines, as well as propeller-driven aircraft), and those related to propagation.

Computation of the lateral attenuation adjustment for aircraft in AEDT depends upon the following
parameters:
1. The sideline distance from the flight path segment to the receptor, lse"™;
2. The elevation angle, B, formed by SLRs; and the horizontal plane of the receptor location, given
by the following equation:

d
=1 seg _
B = sin <S—LRseg> Eq. 4-27
where
dseg See Eq. 4-2 and
1
SLRsog = (dZg + 12g) /2 Eq. 4-28

3. The aircraft bank angle, €; and

Xl | i important to note that the lateral attenuation adjustment uses the sideline distance to the closest point of approach
(CPA) on the segment as lseg in the noise computation, and not the distance to the perpendicular closest point of approach
(PCPA). In addition, AEDT can accept a lateral distance of lsg equal zero, even though AEDT uses a minimum slant distance of
1 ft in most other portions of the noise computation process. When lsg equals zero, the aircraft is directly above the receptor

location.
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4. The depression angle, ¢, which is defined by B and ¢ in the following equation:
p=¢+p Eq. 4-29

These parameters are presented in Figure 4-4 and Figure 4-5.

eleva.ti?? angle: flight path segment
B=sin" (dseg / SLReq)
right triangle:
SLRseg2 = dseg2 + lseg2
SLR,.
Qe Rocx
O observer elevation
airport elevation lyeg p
sealevel | terrain P observer
elevation

airport elevation

sea level

Figure 4-4 Lateral Attenuation Geometry

e 4 Aircraft

Receiver e ;,2

Ground Plar

Figure 4-5 Bank Angle €, Elevation Angle B, Depression Angle ¢, and Lateral Distance €%

The four parameters are applied to the following equations for calculating lateral attenuation for civil
aircraft that take into account engine-installation effects, Eencine(p), attenuation due to ground effects,
G(lseg), and attenuation due to refraction-scattering effects, A(B). These effects are calculated differently
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for each aircraft engine-installation (wing-mounted, fuselage-mounted or propeller-driven engines) and
for each of the following different sets of aircraft position criteria relative to the receiver:

1. Aircraftis on the ground or the elevation angle associated with the aircraft/receiver pair is less
than O degrees;

2. Aircraftis airborne, the elevation angle is greater than 0 degrees, and the lateral (or sideline)
distance is greater than 3,000 ft (914 m); or

3. Aircraft airborne, the elevation angle is greater than 0 degrees, and the lateral distance is less
than or equal to 3,000 ft (914 m).

The engine-installation effect component of the lateral attenuation adjustment, Eenaine(®), accounts for
any lateral directional effects due to noise shielding attributed to the location of the engines on the
aircraft wing or fuselage. The engine-installation effect component is computed with the following

equations, which are dependent on engine mounting location (fuselage or wing) and depression angle.

The engine installation effect (in dB) for an airplane with fuselage-mounted jet engines is:
Epys(@) = 10log,([0.1225 - cos?(¢) + sin?(¢p)]°3%° —180° < ¢ <180°  Eq.4-30

where
1) Depression angle (degrees).

The engine installation effect (dB) for an airplane with wing-mounted jets engines is:

0.0039 - cos?(¢) + sin? 0.062
10log1o K . (o) ()] 0° < ¢ <180°
Ewine(@) = [0.8786 - sin?(2¢) + cos?(2¢)] Eq. 4-31
—-1.49 0°> ¢ > —180°
The engine installation effect (dB) for an airplane with propeller-driven engines is:
EPROP((p) = 0.00 Eq. 4-32

Since helicopter directional effects are represented by the left-center-right NPD curves and the
directivity adjustments (see Section 4.4.2) their engine installation effects are already taken into account
and therefore are represented by:

Engri(@) = Epgrop(@) = 0.00 Eg. 4-33

The engine installation effects for jet-powered airplanes are illustrated in Figure 4-6.
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+H-180°

0dB Jets with wing-mounted
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Jets with fuselage-mounted
engines

foTeld

Figure 4-6 Illustration of Engine-Installation Effects for Jet-Powered Airplanes?

The ground effect, or ground-to-ground, component of the lateral attenuation adjustment, G(lseg),
accounts for sound attenuation due to propagation over ground surfaces that may be considered to be
“acoustically soft”, such as lawn or field grass. The ground-to-ground component is computed as
follows:

11.83 - [1 — 7000274 lseg 0 < lgg <914 m (3,000 ft
G(lseg) = [ ] *ed ( 0 Eq. 4-34
10.86 lseg > 914 m (3,000 ft)
where
Lseg Sideline distance (m) in the horizontal plane from the receptor to the projection of the
CPA.
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The ground-to ground component of the lateral attenuation adjustment is illustrated in Figure 4-7.

12

10 /

Attenuation Adjustment (dB)
(o))

Ground-to-Ground Component of the Lateral

0 T T T T T
0 200 400 600 800 1000 1200

Sideline Distance (m)

Figure 4-7 lllustration of Ground-to-Ground Component of Lateral Attenuation

The refraction-scattering, or air-to-ground, component of the lateral attenuation adjustment, A(B),
accounts for additional attenuation due to refraction and scattering of sound, as the result of wind and
meteorological conditions. The air-to-ground component is computed as follows:

10.86 p<0°
A(B) =41.137 — (229 x 107 1HB + 9.72 - ¢~01426 0° < B <50° Eq. 4-35
0.0 50° < f <90°
where
B Elevation angle (degrees); if § < 0° or the aircraft is on the ground, f§ is set to 0°.

Page 187



Aviation Environmental Design Tool 3¢ Technical Manual

The air-to-ground component of the lateral attenuation adjustment is illustrated in Figure 4-8.
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Figure 4-8 lllustration of Air-to-Ground Component of Lateral Attenuation

The overall lateral attenuation adjustment, LAap, (in dB)*, which takes into account the engine-
installation effect component, Eencine(), the ground-to-ground component, G(lseg), and the air-to-
ground component, A(B), is then computed as follows:

G(lseg) - A(B)
LAAD](AEDT) = — |Egncive (@) — Si%T Eq. 4-36

It is important to note that the depression angle in Figure 4-8 is general enough to include the bank
angle, therefore the bank angle effect on lateral attenuation is already considered. If bank angle is not
zero, the lateral attenuation will be non-symmetric from one side of the aircraft to another.

4.3.5.2 Lateral Attenuation Adjustment for Military Aircraft

The AEDT Fleet database includes all of the aircraft from the United States Air Force NOISEMAP suite of
programs?® as of March 2001. For military aircraft, computation of the lateral attenuation adjustment
depends upon the elevation angle, B. If the elevation angle is less than 2 degrees, the adjustment has a
ground-to-ground component only. If the elevation angle is greater than or equal to 2 degrees, it has

XX Eor AEDT aircraft, the sign of LAapy (aeo) is made negative (see Eq. 4-36) in order to fit AEDT calculation conventions.
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both a ground-to- ground and an air-to-ground component. In the latter case, the two components are
computed separately and then combined.

The ground-to-ground component of the lateral attenuation adjustment (in decibels) is computed for
military aircraft as follows™:

15.09 - [1 — e(-274X107 ) seg < lgey < 401 m (1316 ft)

0
Eq. 4-37
10.06 lseg > 401 m (1316 ft) g

G(lseg) = {

where
Lseg Sideline distance (m) in the horizontal plane from the receptor to the projection of CPA.

The ground-to-ground component of the lateral attenuation adjustment for military aircraft is illustrated
in Figure 4-9.
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Attenuation Adjustment (dB)
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Ground-to-Ground Component of the Lateral
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Figure 4-9 lllustration of Ground-to-Ground Component of Lateral Attenuation for Military Aircraft

* The ground-to-ground component of the lateral attenuation adjustment actually computed by the NOISEMAP program
depends on the one-third octave-band frequency characteristics of the noise source. Due to this fact, small differences are
expected when comparing AEDT and NOISEMAP results directly, especially in the immediate vicinity of the airport runways.
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The air-to-ground component of the lateral attenuation adjustment (in decibels) is computed for
military aircraft as follows:

(21'056) 0.468 2° < B <45°
AB) = B ' =kb= Eq. 4-38
0 45° < B <90°
where
B Elevation angle (degrees); if § > 0°, 8 is set to 0°.

The air-to-ground component of the lateral attenuation adjustment for military aircraft is illustrated in
Figure 4-10.
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Figure 4-10 Illustration of Air-to-Ground Component of Lateral Attenuation for Military Aircraft

The overall lateral attenuation adjustment, LAap; (in dB), which takes into account both the ground-to-
ground component, G(lseg), and the air-to-ground component, A(B), for 2° < S, is then computed for
military aircraft as follows:

G(Lseg) - A(B)
LAspj(mititary) = —Si% 06 Eq. 4-39
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4.3.6 Line-of-Sight Blockage Adjustment (LOSap)

This adjustment accounts for the attenuation due to line-of-sight (LOS) blockage from terrain features.
The LOS blockage calculation is based on the difference in propagation path length between the direct
path and propagation over the top of terrain features. This adjustment is compliant with the method
described in SAE-AIR-6501%” “Method for Modeling Line-of-Sight Blockage of Aircraft Noise”. The path
length difference is used to compute the Fresnel Number (No), which is a dimensionless value used in
predicting the attenuation provided by a noise barrier positioned between a source and a receiver.
Figure 4-11 illustrates LOS blockage from a terrain feature.

Receiver

Figure 4-11 Line-of-Sight (LOS) Blockage Concept

The path length difference must be computed first using the following equation:

6o=MA+B)-C Eq. 4-40
where
A Distance between the source and the top of the barrier;
B Distance between the top of the barrier and the receiver; and
C Distance between the source and the receiver.

The LOSap; is based on the theoretical, frequency-dependent barrier effect (assuming a barrier of infinite
length), which is calculated with the following equation:

/27T|N0'l-|
tan< /2n|N0,L-|>

BE; = Eq. 4-41
/2n|N0,l-| \
NOL

5 + 20l0g10 ( i =
\tanh( /27T|N0'i|>/
\
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where
BE; Barrier effect for the i-th one-third octave band; and
Ny ; Fresnel Number determined along the path defined by a particular source-barrier-
receiver geometry for the i-th one-third octave band; computed as follows:

No; = +2 (@) =42 (f‘ao) Eq. 4-42
’ /11' Cc
where

+ Positive in the case where the line of sight between the source and receiver is lower
than the diffraction point and negative when the line of sight is higher than the
diffraction point;

8o Path length difference determined along the path defined by a particular source-barrier-
receiver geometry, and =(A+B)-C (see Figure 4-11);

A Wavelength of the sound radiated by the source (i-th one-third octave band);

f Frequency of the sound radiated by the source (i-th one-third octave band); and

o Speed of sound.

In AEDT No is limited to -0.1916 at the lower bound, and values of No greater than 10 are set to 23.1%,

Since LOSap; is frequency dependent, the following adjustments are made to spectral classes in order to
appropriately calculate LOSap;:
1. The aircraft spectral class, SC, is corrected back to the source (from the 1,000 ft reference),
effectively removing the SAE-AIR-1845% reference atmosphere, using the following equation:

1,000ft
SCsourcei = SC; — (acref,i) N d Eq. 4-43
ref
where
ACref Atmospheric absorption coefficient for the i-th third octave band for the reference
atmosphere as presented in SAE-AIR-18455;
SG i-th octave band of the spectral class;

SCsource;i i-th octave band of the spectral class corrected back to the source; and
dref 1,000 ft in AEDT.

2. The source spectrum is then corrected to the receptor distance in the study atmosphere
generated with either SAE-ARP-866A%® or SAE-ARP-55342%, using the following equation:

SLR
= ) Eq. 4-44

SCLOS,i = SCSource,i - ((acstudy,i) ' d
ref
where
aCstudy,i Atmospheric absorption coefficient for the i-th third octave band for the study-specific
atmosphere as presented in SAE-ARP-866A2% or SAE-ARP-5534%*;
SCios,; i-th octave band of the spectral class corrected back to the receptor;
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SLRseq4 The slant range from the receptor to the point of closest approach on the segment (ft);
and
dref 1,000 ft in AEDT.

3. For each one-third octave band, the barrier effect is subtracted (in dB), BE;, see Eq. 4-41, from
SCios, see Eq. 4-44. The result is referred to as SCupp,i.

SCypp; = SCpos,i — BE; Eq. 4-45

4. The energy is summed over SCyxpp, and converted to dB by the following equation:

& SCupp,i
HPP;otqr = 10log, o Z 10 10 Eq. 4-46

i=11

5. The energy is summed over SCi0s and converted to dB by the following equation:

& SCLos;i
LOStOtal = 10l0g10 Z 10 10 Eq_ 4-47

i=11

6. Finally, LOSaps can be computed using the following equation:

LOSAD] = HPPiotar — LOStotar Eq. 4-48

If line-of-sight blockage is selected for the noise calculations, LOSap; is compared to LAap; on a point-by-
point basis and the larger of the two values is applied to the calculations. For each segment-based noise
calculation, either LOSap; or Alapy are implemented, but not both. This allows for a seamless transition
between LOSap; and LAapj, although it does not handle their interaction. As stated in the Federal
Interagency Committee on Aviation Noise (FICAN) report “Assessment of Tools for Modeling Aircraft
Noise in the National Parks”?°, this approach has been validated for distances up to 1,000 feet, beyond
which a practical limit between 18 and 25 dB of attenuation can be expected due to refraction and
scattering effects®. Therefore, an 18 dB attenuation cap is implemented for LOSap; in AEDT, as a
practical upper limit on barrier attenuation.

4.4 Fixed-Wing Aircraft Adjustments

The sound level adjustments presented in this section are applicable only to fixed-wing aircraft, and not
helicopters. These adjustments include thrust reverser (TRap;) and ground-based directivity (DIRap;).

4.4.1 Thrust Reverser Adjustment (TRap))

For the special case of computing noise during thrust reverser deployment as part of the landing ground
roll, an empirically-derived thrust reverser adjustment is employed. The thrust reverser noise
assumptions represent reverse thrust levels in typical aircraft operations, while maintaining agreement
between measured and modeled noise generated during landing ground roll. This methodology is based
on ECAC Doc 29% and “Thrust Reverser Analysis for Implementation in the Aviation Environmental
Design Tool (AEDT)”3?, which is based on the ECAC Doc 29%° approach in conjunction with supplemental
analysis of empirical thrust reverser deployment data for a variety of aircraft. These analyses were
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coordinated directly with the lead author of ECAC Doc 29%° and are being considered for possible future
enhancement of that document.

In the legacy noise tool (INM versions prior to version 7.0), thrust reverser was applied to all STANDARD
approach profiles as 60% of the max rated thrust for jets and 40% for props over a distance of 90% of
the total roll-out distance after touchdown. In addition, thrust reverser thrust levels referenced
Departure NPDs, instead of Approach NPDs. These thrust values during landing ground roll were used to
ensure good agreement between measured and modeled noise levels, but are not necessarily
representative of actual thrust levels during thrust reverser deployment. Since the aircraft performance
model is common to noise and emissions computations in AEDT, the high thrust assumption is
inappropriate when computing fuel burn and emissions. To appropriately model fuel burn and
emissions, AEDT models peak thrust reverser engine power levels at 10% of max rated thrust for wide-
body aircraft, and 40% of max rated thrust for narrow-body aircraft, decreasing linearly to 10% of max
rated thrust over a distance of 90% of the total roll-out distance after touchdown, all of which reference
Approach NPDs. In order to account for a higher noise level due to thrust reverser deployment than
those due to a typical approach operation at a given thrust level, a thrust reverser adjustment is applied
as an NPD dB adjustment that varies according to distance traveled from touchdown on the landing
ground roll.

The thrust reverser adjustment for a given segment is calculated with the following equation:

Lunadjsey — Lnarrowseg narrowbody aircraft
TRup; = Lunadjseg - Lwideseg widebody aircraft Eq. 4-49
0 propeller and military aircraft

where
Lunadj seg  Noise level at Pynagj_seg based on Departure NPDs when Pynagj_seg 2 Prinal;
noise level at Punadgj seg based on Approach NPDs when Pynagj_seg < Pfinal;
Pfinal The last power setting before thrust reverser is applied;
Lnarrow_seg NOise level at Pnarrow_seg based on Approach NPDs; and
Lwide seg  Noise level at Pyige_seg based on Approach NPDs.

The engine power level during reverse thrust for a given segment is derived according to the following
equations:

Arey seg
Punadj_seg = [ d = ’ (P60% - PlO%) + Pioy, Eq. 4-50
rev
drev seg
Pnarrow_seg = [ d —= (Pao% — P10%) | + P1o% Eqg. 4-51
rev
d
Pwide_seg = [_r;::g : (P10% - PlO%)] + P1o%=P10% Eq. 4-52

i There is no thrust reverser adjustment for propeller-driven aircraft in AEDT.
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where
Pso%
Pao%

P1o%

d rev

sstop
d rev_seg

where

60% Max Thrust, which is the legacy reverse thrust implementation;

40% Max Thrust, which is the current reverse thrust implementation for narrow-body
aircraft;

10% Max Thrust, which is the current reverse thrust implementation for wide-body
aircraft;

The distance along the runway from the point of thrust reverser deployment to the end
of the landing ground roll, where:

drey = —0.9 * Sseop;

The location on the runway where the landing ground roll ends; and

The distance along the runway from the aircraft position to the end of the landing

ground roll, where:
drev_seg = —(300 + Sstop — d)

Aircraft distance down the runway.

Engine power, aircraft speed, and reverse thrust levels for a standard landing ground roll are presented
in Figure 4-12, where Py is 10% max thrust for wide-body aircraft, and Pyey is 40% max thrust for
narrow-body aircraft. In both cases, the ending engine power setting is 10%.
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Figure 4-12 Modeling of Thrust Reverser Deployment During Landing Ground Roll

The thrust reverser adjustment in AEDT represents the most up-to-date method to model thrust
reverser engine power levels used in the derivation of noise levels in an integrated model. Additional
data collection and research efforts are ongoing and may result in future refinements.

4.4.2 Ground-Based Directivity Adjustment (DIRap))

For the special case of computing noise behind the start-of-takeoff ground roll, as well as for computing
metrics associated with runup operations, a field-measurement-based directivity adjustment is
employed. This directivity adjustment is expressed as a function of azimuth angle, 8, defined as the
angle formed by the direction of the nose of the aircraft and the line connecting the aircraft to the
receptor.

To account for the effect of slight variations in the heading of the aircraft just prior to takeoff ground
roll, among other effects, a directivity smoothing adjustment, computed as a function of slant range

from the receptor location to the aircraft, is also applied.

The azimuth angle, 6 (degrees), used in computing the directivity adjustment, is given by:

6 = cos™! (i) Eq. 4-53
1
where
q Relative distance between points P;and Ps (ft) (by definition, the value of g is

negative); and
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ri SLRseg, the slant range from the receptor to the start of the takeoff roll (ft).

Since the value of q is negative, and the value of SLRsg is positive, the value of 0 is greater than 90
degrees when the receptor is behind start of takeoff.

The directivity adjustment, DIRap), is computed as a function of azimuth angle:
For B8 between 90 and 148.4 degrees,

DIR,p; = 51.44 — (1.553 - 0) + ((15.147 X 1073) - 62) — ((47.173 x 107°) - 6%)  Eq.4-54
For 6 between 148.4 and 180 degrees,

DIR,p; = 339.18 — ((25.802 x 1071) - ) — ((45.545 x 107%) - 62) Fa 4.55
+ ((44.193 x 1079) - 3) b
The directivity adjustment is symmetric along the longitudinal axis of the aircraft in AEDT. This
adjustment supplements the noise fraction adjustment for modeling noise from the start-of-takeoff
ground roll, NFap; (see Section 4.3.3).
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Figure 4-13 Ground-Based Directivity Adjustment

The directivity adjustment, DIRap;, is modified by a smoothing equation that is computed as a function of
slant range from the receptor location to start of takeoff, SLRseg. The smoothing function is activated
when SLRg is greater than 2,500 ft. The function, which reduces the directivity by a factor of 50% per
doubling of distance, is given by:

2,500 )

DIRAD] = DIRAD] " (SLRseg

SLRgeq > 2,500 feet Eq. 4-56

4.5 Helicopter Adjustments

The sound level adjustments presented in this Section are applicable only to helicopters. These
adjustments include source noise due to advancing tip Mach Number (MNap,), Lateral Directivity (LDap),
static directivity (DIRueu_ans), and static operation duration (DURkew_aps)-

4.5.1 Source Noise Adjustment Due to Advancing Tip Mach Number (MNapj, Level Flyover
only)

This adjustment is necessary when the airspeed, temperature or rotor RPM deviates from the reference

values. The adjustment is calculated using stored constants from a polynomial regression using the

following equation:
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MNyp; = By + By - (MADVT - MADVR) + By - (Mapy, — MADVR)Z Eq. 4-57
where
Bo,B1,B; Helicopter specific coefficients;
Vr Operational airspeed (kts);
Vr Reference airspeed for the noise curve (kts); and

Mapv  Advancing tip Mach number, as defined by:

m-D-RPM
I (1688 V) + (55 —) Eq. 4-58
ADV =
c
where
Vv Airspeed (kts);
D Blade diameter (ft);
RPM  Blade rotations per minute; and
C Speed of sound in air (ft/s), as defined by:
¢ =49.018 - (459.63 + T) /2 Eq. 4-59
where
T Temperature (F).

An example of the derivation of advancing tip Mach number adjustment from measured data can be
found in the 1993 report “Noise Measurement Flight Test of Five Light Helicopters”32.

4.5.2 Lateral Directivity Adjustment (LDapj)

Helicopters are significantly more directive noise sources than fixed-wing aircraft. Helicopter in-flight
directivity is implemented by using three sets of NPDs: left, center, and right (see Section 4.2.2.4). The
left and right data are representative of the acoustic characteristics at a horizontal (to the side)
elevation angle of 45 degrees; the center data are representative of the characteristics directly below
the helicopter, or at 90 degrees. In cases where the elevation angl