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PREFACE

This document was jointly prepared by the John A. Volpe Nationa Transportation Systems Center,
Acoustics Facility (Volpe Center), and the ATAC Corporation, in support of the Federal Aviation
Administration, Office of Environment and Energy (FAA AEE-120). ItisaTechnica Manual for the
FAA's Integrated Noise Model (INM) Version 5.1 computer software used to predict noise impact in
the vicinity of airports. The INM 5.1 Technical Manual presents the methodology employed by INM
5.1 to build aircraft flight paths, and to compute noise-level and time-above metrics based upon the
finite flight-segment information.

DISCLAIMER

The contents of this report reflect the views of the Volpe Center and the ATAC Corporation, and they are responsit
presented herein. The contents do not necessarily reflect the official views or policy of the U.S. Department of Tran
does not constitute a standard, specification, or regulation. The design, production, and distribution of this manual he
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1 INTRODUCTION

Since 1978, the Federal Aviation Administration's (FAA) standard methodology for noise*
assessments has been the Integrated Noise Model (INM). The INM is a computer program used by
over 700 organizationsin 35 countries to assess changes in noise impact resulting from: (1) new or
extended runways or runway configurations; (2) new traffic demand and fleet mix; (3) revised routings
and airspace structures; (4) aternative flight profiles; and (5) modifications to other operational
procedures.!

With the release of INM 5.0 in August 1995,2 the FAA's Office of Environment and Energy
(AEE-120), with the support of the U.S. Department of Transportation, John A. Vol pe National
Transportation Systems Center, Acoustics Facility (Volpe Center), has enhanced severa of the reliable
core algorithms used in previous versions, redesigned their computational architecture, and re-coded
them in the C++ programming language, resulting in both computation and speed improvements. The
ATAC Corporation, serving as the FAA's systems integrator for the INM, has developed a Windows-
based graphical user interface for the INM, along with methods for computing aircraft flight profiles and
constructing flight paths, which are processed in the acoustic module.

In the latest version of INM, Version 5.1, major enhancements include the incorporation of 110 new
aircraft, primarily aircraft from the United States Air Force's NOISEMAP computer program,® as well
asthe ability to run INM in the Microsoft Windows 95 operating system.

This Technical Manual for INM 5.1 computer software describes in Chapter 1 the metric types
available for computation, in Chapter 2 the flight-path segmentation methodology, and in Chapter 3 the
methodology employed to compute metrics at a single obser ver, or at an evenly-spaced regular grid
of observers. Chapter 4 describes the methodology used to develop the recur sively-subdivided
irregular grid required for computing noise contours. The Appendices discuss the background and
derivation of some of the more complex algorithms and concepts utilized by INM.

1.1 Grid-Point Computations

INM 5.1 computes a noise-level metric or atime-above metric in the vicinity of an airport. The metric
is presented as numeric values at aregular grid of observer points, or as contours at user-specified
levels.

For regular grid computations, observer locations are arranged in the form of a user-defined rectangular
grid of points, with fixed distances between the points. A regular grid can be rotated with respect to
the coordinate system.
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* Termsin boldface type are described in Section 1.4

For irregular grid computations, observer locations are arranged in the form of a recursively-subdivided
grid of points, with varying distances between points. Irregular grids are utilized for contour
computations. The density of grid pointsis a function of a user-specified level of subdivision (called the
refinement level), accuracy (called the tolerance), and the lowest and highest expected contour
levels desired (called cutoff levels). In general, the contour accuracy increases as grid density
increases.

The basic noise computation process used for the development of a recursively-subdivided irregular
grid is similar to the process used for the development of aregular grid. In generating the irregular grid
required for contour computations, a 17-by-17 point regular grid containing 289 total grid points, is first
generated. Knowledge about the user-specified refinement level and tolerance, and knowledge
determined by the program about noise-significant flights directs the process of subdividing the regular
grid to improve contour precision.

1.2 Metric Families

The noise-level and time-above metrics computed by INM 5.1 are associated with two fundamental
groups or metric families 6 7.8

Thefirst family of metricsis related to the A-weighted sound level, denoted by the symbol L,. A-
weighted sound levels de-emphasize the low and high frequency portions of the spectrum. This
welghting provides a good approximation of the response of the average human ear, and correlates well
with the average person’s judgment of the relative loudness of a noise event.

The second group of metricsis related to the tone-cor rected per ceived noise level, denoted by the
symbol Lpyr. Tone-corrected perceived noise levels are used to estimate perceived noise from
broadband sound sources, such as aircraft, which contain pure tones or other major irregularitiesin
their frequency spectra.

1.3 Metric Types
Within the two metric families, INM computes three types of metrics. (1) exposure-based metrics, (2)
maximum noise-level metrics, and (3) time-above metrics. There are 13 noise metrics supported by
INM, as shown in Table 1-1.

1.3.1 Exposure-Based Metrics

The exposure-based metrics represent the total sound exposure for atime period, usually 24 hours,
based upon aver age annual day conditions at an airport.
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INM standard sound exposure metrics are:

Lag A-weighted sound exposure level (SEL)
Lepn Effective tone-corrected perceived noise level (EPNL)

These exposure metrics are used to generate long-term average noise level metrics by applying
associated time-aver aging constants and day, evening, and night-time weighting factors.

Table 1-1: INM 5.1 Noise Metrics

Noise Metric Type Noise Fight Multiplier Averaging
Family Metric Day Evening Night Time (hr)
SEL 1 1 1 -
Exposure- | ---m--mmmmmeeee-
Based DNL 1 1 10 24
CNEL 1 3 10 24
LAEQ 1 1 1 24
A-Weighted LAEQD 1 1 0 15
LAEQN 0 0 1 9
User A B C T
Maximum LAMAX 1 1 1 -
Level User A B C -
Time-Above | TALA 1 1 1 -
User A B C --
EPNL 1 1 1 -
Exposure- | ------em-eemeee-
Tone-Corrected Based NEF 1 1 16.7 24
Percieved WECPNL 1 3 10 24
User A B C T
Maximum PNLTM 1 1 1 --
Leve User A B C --
Time-Above | TAPNL 1 1 1 --
User A B C --

INM standard average-level metricsin the A-weighted family are:

Lgn Day-night average sound level (DNL)
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L gen Community noise equivalent level (CNEL)

L peqpan 24-hour average sound level (24hEQ or LAEQ)

Lg 15-hour (0700-2200) day-average sound level (DL or LAEQD)
L, 9-hour (2200-0700) night-average sound level (NL or LAEQN)

INM standard average-level metrics for the tone-corrected perceived family are:

Lner Noise exposure forecast (NEF)
Lweeen Weighted equivalent continuous perceived noise level (WECPNL)

The day, evening, and night-time weighting factors and the time-averaging periods for the these metrics
are shown in Table 1-1.

In addition to the INM standard sound exposure and average sound level metrics, user-defined metrics
for either family are available. A user specifies the time-averaging constant and the day, evening, and
night-time weighting factors.

1.3.2 Maximum Noise Level Metrics

The maximum noise level metrics represent the maximum noise level at an observer location, taking
into account aircraft operations for a particular time period (e.g., 24 hours).

INM standard maximum noise level metrics are:

L asmx Maximum A-weighted sound level with slow-scale exponential weighting
characteristics (MXSA or LAMAX)
L onTsmx Maximum tone-corrected perceived noise level with slow-scale exponential

weighting characteristics (MXSPNT or PNTLM)

In addition to the INM standard maximum noise level metrics, user-defined metrics are available. A
user specifies the time period for determining the maximum level.

1.3.3 Time-Above Metrics
The time-above metrics represent a measure of the time duration that the noise level is above a
specified noise-level threshold, taking into account aircraft operations for a particular time period

(e.g., 24 hours).

INM standard time-above metrics are:
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TAL, Time that the noise level is above a user-specified A-weighted sound level
during the time period (TALA)

TALpnT Time that the noise level is above a user-specified tone-corrected perceived
noise level during the time period (TAPNL)

In addition to the INM standard time-above metrics, user-defined metrics are available, where a user
specifies the time period for determining the time-above value.

1.4 Terminology

This section presents pertinent terminology used throughout the document. Each term is highlighted
with boldface type when it first appears in the report. The terms are arranged al phabetically.

A-Weighted. A-weighted noise level emphasizes sound components in the frequency range where
most speech information resides, yielding higher levelsin the mid-frequency (2000 to 6000 Hz) range
and lower levelsin both low frequency and high frequency ranges. A-weighted noise level is used
extensvely in the U. S. for measuring community and transportation noises.

Acoustically Hard Surface. Any highly reflective surface in which the phase of the incident sound is
essentially preserved upon reflection; example surfaces include water, asphalt, and concrete.

Acoustic Impedance Adjustment. An acoustic impedance adjustment, computed as a function of
observer temperature, pressure, and indirectly elevation, is applied to the noise levelsin the INM NPD data.
Acoustic impedance is the product of the density of air and the speed of sound.

Acoustically Soft Surface. Any highly absorptive surface in which the phase of the incident sound is
changed upon reflection; example surfaces include terrain covered with dense vegetation or freshly-
fallen snow.

Airport Pattern. A defined flight path (ground track and atitude above the airport) used by aircraft
for touch-and-go operations.

Airspeed Adjustment. An adjustment made to the exposure-based noise levels when the aircraft
speed differs from 160 knots.

Approach. 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.

Atmospheric Absorption. The change of acoustic energy into another form of energy (heat) when
passing through the atmosphere. The NPD data are corrected for atmospheric absorption in
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accordance with the Society of Automotive Engineers (SAE) Aerospace Recommended Practice
(ARP) 866A ° and SAE Aerospace Information Report (AIR) 1845 1°.

Average Annual Day. The user-defined best representation of the typical long-term conditions for the
case airport. These conditions include the number and type of operations, the routing structure, the
temperature, and the atmospheric pressure.

Calibrated Airspeed (CAS). Theindicated 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
standard atmosphere at sealevel.

Case AnalyssWindow. The user-defined rectangular area around an airport within which a contour
analysisis performed.

Circuit Flight. A flight operation, new to INM beginning with Version 5.1, that combines a departure
from, and an approach to, the same runway with an unlimited set of level-flight and/or varying-altitude
segments in between.

Contour. Ananaysisof an areain the vicinity of an airport encompassed by a graphical plot consisting
of asmooth curve, statistically regressed through points of equal noise level or time duration. There are
two kinds of contour analyses: single-metric and multi-metric.

Corrected Net Thrust Per Engine. The net thrust per engine divided by the ratio of the ambient air
pressure at aircraft atitude to the ISA air pressure at mean sealevel.

Cutoff Levels. A test that determines when to end noise level (or time) computations during a single-
metric contour analysis. The point at which computations are stopped is based on user-defined lowest
and highest noise level (or time) contours. Similar to the tolerance and refinement level tests, the reason
for performing thistest is to reduce runtime during a single-metric contour analysis.

Decibel (dB). A decibel isunit of measure of anoise level or anoise exposure level. The number of
decibels is calculated as ten times the base-10 logarithm of the ratio of mean-square pressures or noise
exposures. For the purpose of this document, the reference root-mean-square pressure is 20 pPa, the
threshold of human hearing.

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

Directivity Adjustment. 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 INM, measurement-based
directivity is accounted for behind the start of the takeoff ground roll and for runup operations.
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Distance Duration. 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
INM NPD data only for data corrected using the simplified data adjustment procedure.

Extended Flight-Path Segment. A mathematica extension from either end of a geometrica flight-
path segment to infinity.

Flight Operation. There are five kinds of flight operationsin INM 5.1: approach, depart, touch-and-
go, circuit flight, and overflight.

Flight Path. A set of flight path segments describing geometrical and physical parameters used to
model the movement of an aircraft in three-dimensiona space.

Flight Path Segment. A directed straight line in three-dimensional space, which includes the aircraft
speed and corrected net thrust per engine (or equivalent parameter) at the beginning point of the line,
and change in speed and thrust along the line to the end point.

Flight Profile. A set of points that models the geometrical and physical characteristics of an aircraft
flight operation in the vertica plane. Each profile point contain: (1) the ground distance (x-value)
relative to the origin of the operation, (2) the aircraft atitude above field elevation, (3) the true airspeed
of the aircraft, and (4) the corrected net thrust per engine (or equivalent parameter) used to access the
NPD curves.

Ground Plane. Without terrain elevation processing, the ground plane is the geometrical horizontal
plane at the elevation of the airport. With terrain elevation processing, the ground plane is not generally
horizontal. The slope and elevation of the ground plane is determined using three-by-three arc-second
geodetic elevation data for the area surrounding the airport.

Ground Speed. That component of aircraft speed obtained by projecting the aircraft velocity vector
on the horizontal plane.

Ground Track. Thetrace 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 points-type tracks
congisting of an array of x,y points.

Integrated Adjustment Procedure. The preferred adjustment procedure used for developing
exposure-based INM NPD data from measured noise level data. 1t is based on noise level data
measured over the full spectral time history of an event. In the integrated procedure, off-reference
arcraft 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. 1°

International Standard Atmosphere (1SA). Internationally standardized functions of air
temperature, pressure, and density versus aircraft atitude above mean sealevel. TheISA isintended
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for usein 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. *

Lateral Attenuation Adjustment. An adjustment that results from the attenuation of noise at grid
points laterally displaced from the ground projection of an aircraft flight path. It isacombination of the
ground-to-ground attenuation and the air-to-ground attenuation.

Maximum Noise Level. The maximum of a series of measured sound pressure levels from asingle
flight.

Mean-Squared Sound Pressure. A running time-average of frequency-weighted, squared
instantaneous acoustic pressure. For example, A-weighted (denoted by subscript A) mean-squared
pressure using slow (denoted by subscript S) exponential time averaging (J = 1 second) is calculated
by:
It
Pas® = £pa%(x) €7 dx/J

14

M ean-Squar e Sound Pressure Ratio. The mean-square sound-pressure ratio isthe ratio of the
mean-sguared sound pressure divided by the square of the reference pressure. It is equivalent to 10
SPL710 where SPL is the sound pressure level.

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

Metric Type. A metric belongsto one of three types: exposure-based, maximum-level, or time-
above.

Multi-Metric. A contour analysisin which noise and time values are computed for three base metrics
belonging to either the A-weighted or tone-corrected perceived family of metrics. The three primary
metrics are the exposure-based, the maximum noise level, and the time-above metrics.

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

Noise Fraction. Theratio of noise exposure at agrid point due to aflight 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 in INM 5.1 is based upon a fourth-power 90-degree dipole
model of sound radiation. It facilitates the modeling of athree-dimensional flight path, using straight
flight segments.
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Noise Fraction Adjustment. An adjustment that is afunction of the ratio of the noise exposure a a
grid point due to aflight-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.

Noise-Level Threshold. A noiselevel specified by the user that is the boundary value above which
time-above calculations are performed.

Noise-Power-Distance (NPD) Data. A set of noise levels, expressed as a function of: (1) engine
power, usually the corrected net thrust per engine; and (2) distance. The INM NPD data are
corrected for airspeed, atmospheric absorption, distance duration, and divergence.

Noise Significance Tests. Tests performed by INM 5.1 to determine if aflight operation is
acoudtically significant. Two kinds of tests are used: the relative noise-level/time test and the track
proximity test. The reason for performing these testsis to decrease runtime during a contour analysis.

Observer. A receiver or grid point at which noise or time values are computed.

Overflight. A flight operation that beginsin the air, and remains in the air, in the vicinity of the airport,
with optional user-specified changes in altitude and speed during the flight.

Procedure Steps. A prescription for flying a profile. Procedures include climbing at constant
calibrated airspeed to a given dtitude, accelerating to a given airspeed while climbing at a given vertical
rate, etc.

Profile Points. See Flight Profile.

Recursvely-Subdivided Irregular Grid. A grid of observer points created by one or more
subdivisions of an existing regular or irregular grid, based on the user-specified refinement level and
tolerance.

Refinement Level. The number of levels of subdivision of aregular grid making up arecursively-
subdivided irregular grid. Each successive refinement level beyond level three represents one level of
subdivision. The size of the smallest contouring grid is D / 2V*1, where D is the size of the case analysis
window and N is the refinement level.

Reference Day. The atmospheric conditions corresponding to 77 degrees Fahrenheit (25 degrees
Celsius), 70 percent 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 Federal Aviation
Regulation Part 36. 22 These conditions are commonly referred to as ISA plus 10 degrees Celsius
(ISA+10).
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Reference Speed. The noise-exposure reference speed in INM is 160 knots true airspeed (TAS).
Thus, L g and Lgpy Valuesin the NPD database are referenced to 160 knots TAS. The L pgmy @nd
Lentsmx Values are assumed to be independent of aircraft speed.

Regular Grid. A noise anaysis of one or more noise-level and/or time-above metrics, for a set of
observer points spaced at fixed intervals, over a specified areain the vicinity of the case airport.

Relative Noise-Level/Time Test. A noise significance test in which dl flight operations are sorted
high-to-low according to the noise (time) contribution of each flight at aregular grid point. Flights
considered significant are those whose cumulative noise (time) first equals or exceeds 97 percent of the
total mean-sguare sound-pressure ratio (total time) at the grid point.

Runup. An activity in which an aircraft isin a stationary position on the ground, with aircraft thrust held
constant for atime period.

Simplified Adjustment Procedure. An adjustment procedure used for developing exposure-based
INM data from measured noise level data. In contrast to the integrated procedure, the simplified
procedure is based on noise-level data measured at the time of the maximum noise level only. Inthe
simplified 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-1845, 1°

Single-Metric. A contour analysisin which noise or time values are computed for asingle, user-
specified metric.

Sound Pressure Level (SPL). Ten times the base-10 logarithm of the ratio of the mean-squared
sound pressure, in a stated frequency band, to the square of the reference sound pressure of 20 pPa,
the threshold of human hearing.

SPL = 10 logyo| p*/ po°]

where,
p? mean-squared pressure (Pa?),
Po 20 - Pa.

Sound Exposure (Noise Exposure). Theintegra over agiven timeinterval T of the instantaneous,
frequency-weighted, squared sound pressure:

17

E= f§pA0)dt
0

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

10
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Le = 101ogy[ E/ B, ]
where,

E sound exposure (Pa’s),
E, (20 = Pa)¥(1s) for A-weighted sound exposure,
E, (20 - Pa)%(10 s) for tone-corrected perceived sound exposure.

Sound Exposure Ratio. Commonly called “energy”. Theratio of sound exposure over areference
sound exposure, or ten raised to power of one tenth the sound exposure level:

E / Eo = 10 L/ 10
where,
E sound exposure (Pa?s),
E, reference sound exposure (Pa’s),
Le sound exposure level (dB).

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

Spherical Divergence. Spherica divergence, which is taken into account in the INM 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 divergenceisthe transmission loss of mean-
square sound pressure, which varies inversely with distance from aline source.

Standard Day. The atmospheric conditions corresponding to 59 degrees Fahrenheit (15 degrees
Celsius), 70 percent relative humidity, and 29.92 in-Hg (760 mm-Hg). The values for temperature and
atmospheric pressure are sea-level conditions for the International Standard Atmosphere (1SA).

Time-Above. The duration that atime-varying sound level is above a given sound level threshold.

Time-Averaging Congtant. A constant decibel vaue that is ten times the base-10 logarithm of the
time interval associated with the metric divided by areference timeinterval, which is usually one
second. For example, the time constant for L, isequal to 10 log,o[ 86400 secondsin 24 hours/ 1
second | =49.37 dB. The time-averaging constant is subtracted from the sound exposure level to
compute an equivalent or average sound level.

Tolerance. The allowable maximum difference in dB or minutes between computed noise or time
values and linearly-interpolated noise levels or time values at a given observer point.

Tone-Corrected Perceived. 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.

11
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Touch-and-Go. A flight operation that begins with alevel 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.

Track Proximity Test. A noise significance test in which aflight, which isfirst determined to be
inggnificant by the flight noise test, is further tested based on its distance to aregular grid point. If itis
determined that the flight is on aflight track within a certain distance of the grid point, the flight regains
its significance status.

TrueAirspeed (TAS). The speed of an aircraft relative to the undisturbed air mass.

Weighting Factor. A numeric value that multiplies the sound exposure ratio associated with atime
period for agiven metric. For the exposure-based metrics, the weighting factor acts as a penalty for
operations which occur during a specific time period. Usually larger pendlties are applied during the
night-time period when people are most sensitive to noise. For the maximum-level and time-above
metrics, the weighting factors are either zero or unity. Assuch, they act as a binary switch allowing the
user to select specific time periods for computation.

1.5 Abbreviations

This section presents various abbreviations and acronyms used in the document.

AFE Above Field Elevation (aircraft atitude)

AIR Aerospace Information Report (SAE-AIR)

ARP Aerospace Research Report (SAE-ARP)

C degrees Celsius (temperature)

CAS Calibrated Airspeed (corrected indicated airspeed)

CPA closest point of approach to aline segment

dB decibel (unit of sound level or sound exposure level)

F degrees Fahrenheit (temperature)

ft feet

hp shaft horsepower

in-Hg inches of mercury (barometric pressure)

INM Integrated Noise Model

km kilometers

kt knots (international nautical miles per hour)

[o] pounds force or weight

L Asmx maximum A-weighted sound level, dB re (20 : Pa)?

IFS— maximum tone-corrected perceived noise level, dB re (20 : Pa)?
Lag A-weighted sound exposure level, dB re (20 = Pa)%(1s)

Lepn effective tone-corrected perceived noise llvel, dB re (201 - Pa)%(10s)
m meters
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mi
MSL
nmi
Pa
PCPA
re

SAE
TAS

U.S. statute miles

Mean Sea Level (altitude above mean sea level)

international nautica miles

Pascal (unit of pressure, one newton per square meter)
perpendicular closest point of approach to an extended line segment
relative to

second (time duration)

Society of Automotive Engineers

True Airspeed

13
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2 FLIGHT-PATH COMPUTATION METHODOLOGY

The fundamental components for computing noise in INM are (1) aflight path segment, and (2) an
observer. For agiven observer location, noise computations are performed on a flight-segment by
flight-segment basis. This Chapter presents the methods used to compute flight path segments, and
Chapter 3 presents the methods used to compute noise at an observer position.

Chapter 2 has four sections:

Section 2.1 summarizes al the input data that are required for noise computation.

Section 2.1 discusses noise-power -distance (NPD) input data used in conjunction with a flight
path or runup position to compute noise at an observer position.

Section 2.3 presents methods used to calculate a flight profile, based on profile procedure
steps.

Section 2.4 presents methods used to merge ground tracks with flight profiles to produce
three-dimensiond flight path segments.

2.1 Summary of Input Data for Noise Computation
The noise computation process requires case information about airport conditions, aircraft types,
operational parameters, geometry between the observer / flight-segment pair, and noise metric
information. Appendix A presents an example file of these data.

2.1.1 Airport Information

The following airport-specific information is required for computations:

The airport elevation in feet above mean sealevel (MSL).

The airport average annual day temperature in degrees Fahrenheit.

The airport average annual barometric pressure in inches of mercury MSL.

If the terrain elevation capability is invoked, the latitude and longitude of the airport (whichis
used as the x-y coordinate system origin).

If the terrain elevation capability isinvoked, the full-path name of aterrain elevation computer
file (3CD file), which contains 3-arc-second elevation data in the vicinity of the airport.

14
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Theresolution of a3CD fileis 3 arc-seconds, and the entire file covers one degree in latitude by one
degree in longitude (1201 x 1201 points). Consequently, the spacing between points is dependent on
the specific location in the United States. For example, the spacing in the Boston area is about 224 ft in
the x (east-west) direction by 304 ft in the y (north-south) direction; while the spacing in the San
Francisco area is about 241 ft by 303 ft, respectively.

The accuracy of the terrain datais difficult to quantify. The authors experience has shown the data to
typically be within 10 ft of actual elevation. However, inaccuracies of alarge as 70 ft have been
documented. Nevertheless, in areas of varying elevations, significant improvementsin INM
computational accuracy are obtained when the terrain enhancement is invoked.

2.1.2 Aircraft Information

The following aircraft information is required for computations.

1 Aircraft flight operation type: approach, depart, touch-and-go, circuit flight, overflight,
or runup.

Number of flight operations for each of three time periods (day, evening, and night) during an
average annual day.

For aflight operation, the three-dimensiond flight path of the aircraft, as represented by a series
of straight-line flight path segments containing position, direction, length, speed, and thrust
information. Sections 2.3 and 2.4 presented the details of how athree-dimensional flight path is
constructed.

For arunup operation, the position of the aircraft on the runup pad (x,y valuesin feet), the
arcraft heading (degrees clockwise from true north), the corrected net thrust per engine
(pounds or percent), and the duration of the runup operation (seconds).

NPD data, as presented below in Section 2.2.
2.1.3 Observer Information

In addition to information about the source of the noise for each aircraft flight operation, information
about the observer locationsis also required. INM observer positions are expressed in the form of
either aregular grid of points, or a recursively-subdivided irregular grid of points.

1 The observer locations for aregular grid are user-defined by the lower-left starting point
coordinates of the grid (ft, ft), the distance between grid points (ft), the number of grid pointsin
the two directions, and the angle that the grid is rotated relative to the x-y axes (degrees
counter-clockwise from the x-axis).

15



INM 5.1 Technical Manual

A specid case of aregular grid isagrid consisting of a single observer location, in which the
starting point for the grid is given, the distance between grid pointsis zero, and the size of the
grid is one-by-one.

The computation of "population points’ and "locations points' is also performed by using the
single-grid-points method. The number of single pointsis an input parameter and their x,y
values are listed in the input file.

Recursively-subdivided irregular grid points are generated by an algorithm that is based on a
regular 17-by-17 grid, as explained later in Chapter 4. The observer locations for the 17-by-
17-point grid are user-defined by the four corner points of the case analysis window. Unlike
regular grid points, the case analysis window cannot be rotated relative to the x,y coordinates.

2.1.4 Noise Metric Information

The following metric information is required for computations:

The type of computation: single-metric or multi-metric. A single-metric run can compute
regular grid points and/or contours. A multi-metric run can compute only contours.

If asingle-metric runis selected:
metric identifier (DNL, SEL, etc.),
metric type (exposure-based, max-level, time-above),
metric weighting factors (day, evening, night),
for an exposure-based metric, the averaging time constant (dB),
for atime-above metric, the threshold level (dB).

If amulti-metric run is selected:
noise family type (A-weighted or tone-corrected perceived),
time-above noise-level threshold (dB).

An indicator (yes or no) that contours are to be generated, using the recursively-subdivided grid
method of calculating noise.

If contours are to be generated, the following parameters are required:
refinement level,
tolerance value (dB or minutes).

If contours are to be generated and if doing a single-metric run, the following parameters are
required:
low cutoff contour level (dB or minutes),

16
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high cutoff contour level (dB or minutes).

2.2 Noise-Power-Distance Input Data

The noise-power-distance (NPD) data for an aircraft, which is usually obtained from the INM
database but can be user-defined, consists of a set of decibel (dB) levels for various combinations of
arcraft engine corrected thrusts and distances from observer to aircraft. An underlying assumption is
that the NPD data represent an aircraft proceeding along a straight flight path of infinite length and
parallel to the ground.

2.2.1 NPD Data Sets

Four kinds of NPD input data sets are available:

Lae A-weighted sound exposure level (SEL)

L asmx Maximum A-weighted sound level with dow-scale exponential time weighting
(MXSA, aso known as LAMAX)

Lepn Effective (tone-corrected) perceived noise level (EPNL)

L onTsmx Maximum tone-corrected perceived noise level with slow-scale exponential

time weighting (MXSPNT, also known as PNLTM)

All metricsin INM, including the time-above metrics, are computed using these four basic noise-level
metrics.

Normal NPD data set consists of two or more noise curves. A noise curve is associated with a
corrected net thrust per engine parameter (in units of pounds or percent) and ten noise levels at the
following ten distances: 200, 400, 630, 1000, 2000, 4000, 6300, 10000, 16000, and 25000 feet.

To obtain noise levels that lie between thrust values or between distance values, linear interpolation is
used (the distance values are converted to their base-10 logarithmic equivalent values first). To obtain
levels outside of the bounding thrust or distances values, linear extrapolation is used, as discussed in
Section 3.2.

Afterburner NPD data are also available for some NOISEMAP aircraft.

The noise levelsin the NPD data have been adjusted for time-varying aircraft speed (exposure-based
noise levels only), atmospheric absor ption, distance-dur ation effects (if the amplified adjustment
process is used, and for exposure-based noise levels only), and spherical divergence in accordance
with the methodology presented in Reference 10 and summarized in Reference 13.
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One notable exception pertains to the 112 military NOISEMAP aircraft in the INM database beginning
with Version 5.1 (108 new NOISEMAP aircraft and the four F16s, which were in INM prior to
Version 5.1). Specificaly, the related noise data for these aircraft were developed using the smplified
data adjustment procedure, and the distance duration effects were accounted for using a 6 log,o[ d/
d] relationship. In contrast, the datain INM which were corrected using the smplified procedure
were adjusted using a 7.5log,o[ d/ d,4] relationship. It was decided that the 6-log relationship would
be maintained for the military aircraft in INM, since it represents a best-fit empirical relationship for
those aircraft.

2.2.2 Maximum Noise Level Approximation
For several aircraft in the INM database, measured L 5 gy, and Lpyrsmy NPD data do not exist, and are
therefore approximated using empirical equations expressed as a function of distance, and either L 5 or
Lepn, @S appropriate. These equations were developed from a statistical analysis of NPD data for
arcraft in which al four base noise-level metrics exist in the INM data base. The equations are as
follows:

For INM aircraft:

Lasme = Lae 17.19 1 7.7310g,c[ D / 1000]
Lonrsmc= Lepn + 1.12 1 9.34 10gy[ D / 1000 ]

For NOISEMAP aircraft;

Lasry = Lac 17.84 1 6.060g,[ D/1000]

where D is the closest-point-of-approach distance (ft) to the aircraft.
2.2.3 NPD Data Development Criteria

In the most general terms, criteria for development of NPD data for use by the INM include the
following 4 :

1 Acoustically soft ground under the measurement microphone, similar to the terrain around the
microphone during aircraft noise certification tests.*?

For L og and Lgpy Values, an integrated adjustment procedur e (involving time integration
over the full spectral time history) as compared with a simplified adjustment procedure
(involving the spectrum measured at the time of maximum noise level only) for airplanes where
adequate field data are available.
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Reference-day air attenuation coefficients as specified by SAE rather than standar d-day
conditions of 59 degrees Fahrenheit and 70 percent relative humidity used prior to INM
Version 3.9.

L e and Lgpy Values time-integrated over the upper 10 dB of the noise event as prescribed by
FAA 2 and SAE™°. (Thetimeinterval fromt, to t, designates the time in seconds, from the
beginning to the end of the integration period for the sound produced by an airplane. The
duration [t, - t;] should be long enough to include al significant contributions to the total noise
exposure. Sufficient accuracy is usually achieved by integration over the time interval during
which the frequency-weighted sound level iswithin ten dB of its maximum value.)

1 L e and Lgpy vValues normalized to ar efer ence air speed of 160 kt.
1 Noise levels specified as a function of power, usually corrected net thrust per engine.
The FAA position is to adhere closely to the above criteria both for the development and validation of

the INM NPD data. Diligent compliance is needed to ensure confidence in having consistent and
comparable aircraft NPD and performance data.

2.3 Flight Profile Calculation

INM 5.1 supports two kinds of flight profile input data: (1) an ordered set of profile points, and (2) an
ordered set of procedure steps. The first section below discusses the structure of profile point data,
and the remaining sections discuss how profile points are calculated from procedure steps.

2.3.1 Profile Point Input Data

An ordered set of profile points specify atwo-dimensional tragjectory. For each point, the following
data are given:

q horizontal coordinate (ft) relative to an origin,

z altitude of the aircraft above the airport (ft AFE),

Vr arcraft true airspeed at the point (kt),

F..  corrected net thrust per engine (Ib, %, or other units) at the point.

The origin is where the g-coordinate is equal to zero, and it depends on the kind of flight operation:

An approach origin is at the touch-down point, and g-values are negative during descent and
positive during roll-out on the runway.

A departure origin is at the start-roll point on a runway, and g-values are positive.
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A touch-and-go origin is similar to an approach; the origin is where the aircraft touches down
on the runway.

A circuit flight origin is similar to a departure; the origin is at the start-roll point.

An overflight originis at the first point, and g-values are positive.
For all types of operations, g-values increase as an airplane flies aong its profile.

Profile speed is the speed at the profile point; it is the magnitude of the aircraft velocity vector. Itisthe
same as true airspeed with no wind, and the sections below refer to profile speed as true air speed
(TAS). Profile speed is approximately equal to ground speed, except when climbing or descending at
steep angles.

The corrected net thrust per engine isin units of pounds, percent, or some other units that are consistent
with the noise curves. If the aircraft NPD curves are in percent, thrust-setting is a percentage of the
arcraft gtatic thrust value. In the sectionsthat follow, F.isin pounds, but for some aircraft, the
pounds are changed to percent before writing out the flight data.

When profile-point input data are used, INM does not correct for non-standard temperature and
pressure. This means that the input values of F,. are directly used in the noise tables.

2.3.2 Procedure Step Input Data

When aflight profile is specified in terms of procedure steps, INM processes the steps one at atime to
caculate profile points, putting them in the same format as presented above.

Procedure steps are prescriptions for how to fly a profile. For example, the following set of procedure
steps describes how to fly ajet departure profile:

1 Takeoff using 15-deg flaps and max-takeoff thrust.

2 Climb to 1000 ft AFE, using 15-deg flaps and max-takeoff thrust.

3 Accelerate to 175 kt CAS, while climbing at 2000 fpm and using 15-deg flaps and
max-takeoff thrust.

4 Accelerate to 195 kt CAS, while climbing at 1000 fpm and using 5-deg flaps and
cutting back to max-climb thrust.

5 Climb to 3000 ft AFE, using zero flaps and max-climb thrust.

6 Accelerate to 250 kt CAS, while climbing at 1000 fpm and using zero flaps and max-
climb thrust.

7 Climb to 5500 ft AFE, using zero flaps and max-climb thrust.

8 Climb to 7500 ft AFE, using zero flaps and max-climb thrust.

9 Climb to 10000 ft AFE, using zero flaps and max-climb thrust.
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Each procedure step is of a specific type (takeoff, climb, accelerate), and contains parameters relative
to its type (15-deg flaps, 1000 ft AFE, 2000 fpm, max-climb thrust, etc.). The sections below show
how each type of procedure step is processed to compute segment end-point values of altitude, speed,
and thrust. Also, methods are presented to compute the segment horizontal distance, which is used to
develop the g-coordinates for the set of profile points.

In general, one procedure step produces one profile point, but there several exceptions. For example,
atakeoff step produces two points (start-roll and takeoff rotation). Also, whenever thereis achangein
thrust setting for (for example, going from max-takeoff to max-climb), an extra profile point is created
so that thrust changes continuously over a small distance (1000 ft), rather than discontinuoudly at a
point.

Sometimes, data from a current procedure step are combined with data from the previous step before a
profile point can be computed. For example, a user inputs the starting descent atitude, speed, and
angle. INM processes the next descent step to find its starting altitude, which is the ending altitude for
the first step. In the development of procedure step methods that follow, these algorithmic details are
not described. Instead, the production of profile pointsis discussed in terms of "initial™ and "final" points
which define a profile segment.

Before detailing the individual procedure step methods, the following two sections present equations
that are used throughout.

2.3.3 Non-ISA Model for Atmospheric Ratios

This section presents the INM equations for cal culating atmospheric ratios for air temperature,
pressure, and density. “Non-ISA” means that the calculated ratios are different than those specified by
the International Standard Atmosphere (ISA) model.

The input parameters for the INM atmospheric ratio equations are:

arport elevation (ft) MSL,

airport temperature (°F),

airport pressure (in-Hg) MSL,

arcraft atitude (ft) MSL, where A <11 km.

> T 4 m

INM calculates the temperature ratio (theta) by assuming there is an ISA temperature lapse rate of
10.003566°F per foot of altitude A aboveairport elevation E , starting at a non-1SA airport
temperature T :

2 = (459.67+T 10.003566 (A ! E))/518.67.
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Thus, non-ISA ambient temperature (at the aircraft) is obtained by using a non-1SA average airport
temperature. The temperature gradient above the airport is assumed to be the same as the ISA
temperature gradient.

INM calculates the pressure ratio (delta) by adding a pressure correction term to the ISA pressure
ratio:

* = ((518.67 1 0.003566 A)/518.67)52% + (P 129.92)/29.92.

Thisis afirst-order approximation to the actual * equation, and it is adequate for INM calculations.
INM calculates the air density ratio (sigma) by employing the ratio version of the Ideal Gas Law:

F=%*/2.
Note that air density isafunction of all four input parameters. E, T, P, and A.
2.3.4 Corrected Net Thrust Per Engine For Departure
Departure net thrust per engine for jetsis calculated by using the SAE-AIR-1845 ° thrust equation at

density atitude. According to SAE-AIR-1845 condition A.3 and equation A1, standard atmosphere
net thrust per engine isafunction of calibrated airspeedv and dtitude h:

Fas(v,h) = *g(h) (E,+ Fyv + Gaph + Ggy P + H, Tg(h))
*(h) = ((518.67 ! 0.003566 h) / 518.67 )52
To(h) = (5/9) (59 1 0.003566 h 1 32)

where,
F.s  ISA net thrust per engine (1b),
Vv calibrated airspeed (kt),
h atitude (ft) MSL, which equals both pressure and density atitudes,
E thrust coefficients which depend on the jet's power-setting state (max-takeoff or max-
climb),
*4(h) ISA pressureratioat h,
Tg(h) 1SA temperature (°C) at h.

pr ovee

INM uses a quadratic estimate for the altitude term, (G, h + Gg,, ¥), rather than the linear estimate
specified in SAE-AIR-1845.

Density altitude is the particular dtitude that yields an I1SA density equal to the actual density. The
eguation for density altitude h, , as afunction of density ratio F , is:
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hy = (518.67/0.003566) (1 1 F1/(5261)y

INM calculates the net thrust per engine F,, by using the standard thrust equation at calibrated
airspeed v and density altitude hy :

I:n = FnS(VlhD)-

This non-1SA thrust equation helps to account for thrust-reducing effects of hot temperatures at high
atitudes. Under ISA conditions, hy = h, and F, revertsto the SAE-AIR-1845 equation.
Departure net thrust per engine for props is calculated by using SAE-AIR-1845 equation A4:

Fo = 325.870,P,/ v,

where,
F, net thrust per engine (1b),
0, propeller efficiency, which depends on the power-setting state,
P, net power per engine (hp) for sea-level standard day, which depends on the power-
setting state (max-takeoff or max-climb)
vy true airspeed (kt).

True airspeed is calculated by using SAE-AIR-1845 equation A5:
vy = v "%,
where,
Vp true airspeed (kt),
Vv calibrated airspeed (kt),
F air density ratio at aircraft altitude.

Findly, the corrected net thrust per engine F,., for both jets and props, is calculated by dividing the
net thrust per engine F, by the pressureratio ™ :

Foo = Ful ™.

The corrected net thrust per engine F,. isused as an input parameter for calculating noise via NPD
data, and it also appearsin several SAE-AIR-1845 flight profile equations.

2.3.5 Takeoff Ground Roll Segment
For the takeoff ground roll segment, the initial and final values of aircraft dtitude are given (the airport

elevation), theinitia and fina values of speed and thrust are calculated, and the horizontal distanceis
calcul ated.
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For jets, the corrected net thrust per engine F,.;, at the gtart-roll point is usualy calculated by using the
departure thrust equations with v; = 16 knots. The 16-knot speed value is half that specified in SAE-
AIR-1845 equation 3.4.2 because the INM noise algorithm accounts for noise exposure beginning at
the start-roll point (time: zero to plus infinity), rather than for the total integrated exposure (time: minus
to plusinfinity), which isimplicit in equation 3.4.2. The 16-knot value is not a physical speed; instead, it
is a coefficient which is used to adjust the noise level at the start of takeoff roll so that the noise
exposure is commensurate with empirical values.

For props, the corrected net thrust per engine F,; at the start-roll point is set equal to the corrected
net thrust per engine F,, at the takeoff rotation point: F. = Fieo -

For jets and props, the corrected net thrust per engine F,, at the takeoff rotation point is calculated
by using the departure thrust equations presented above. The calibrated airspeed at the rotation point,
which isused in the thrust equation, is calculated by using SAE-AIR-1845 equation A7:

v, = CyW*

where,
v, calibrated airspeed (kt) at takeoff rotation; v, = v, F'* isthe true airspeed (kt) at

takeoff rotation,

C coefficient which depends on the flaps setting,

w departure profile weight (Ib); weight is assumed to remain constant for the entire
departure profile.

For jets or props, F.« can be auser-input value. If itis, F. isset equa to thisvaue (F o = Fra)-

For the takeoff case, the ground-roll distanceis calculated by using SAE-AIR-1845 equation A6:

Sy = Bi2(W/*)?/(NFy)

where,

ground-roll distance (ft),

ground-roll coefficient, which depends on the flaps setting,
temperature ratio at the airport elevation,

departure profile weight (Ib),

pressure ratio at the airport,

number of engines,

2 corrected net thrust per engine (Ib) at takeoff rotation.

(=%

Z *=S N

7

The takeoff ground-roll distance is corrected for headwind, which may be different than the standard 8
knots, by using SAE-AIR-1845 equation A16:

24



INM 5.1 Technical Manual

Sgw = Sg(vo Tw)?/ (v, 18)?

Sgv  ground-roll distance (ft) corrected for headwind,
S ground-roll distance (ft), uncorrected

Vv, calibrated speed (kt) at takeoff rotation,

W headwind (kt).

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

Se = Sgal(al3217G)
a= (v, F'™)2/(2S,,)
G=(E,1E)/L

where,
S ground-roll distance (ft) corrected for headwind and runway gradient,
Sgv  ground-roll distance (ft) corrected for headwind,
a average acceleration (ft/s?) along the runway,
Vv, calibrated speed (kt) at takeoff rotation,
G runway gradient; G is positive when taking-off uphill,
E.,E, runway end elevations (ft) MSL,
L runway length (ft).

The ground-roll segment is subdivided if the distance multiplied by the change in true speed is greater
than 100,000 ft-kt (which is usualy the case). The number of sub-segmentsis calculated by:

n = intf 1+ ((vrz ¥ vry) S 10%°)%]

where,
n number of equal-distance sub-segments,
int[x] function that returns the integer part of anumber x,
vy, initial power-on true speed (kt), vy, is 16 knots for takeoff,
vy,  takeoff true airspeed (kt),
S, corrected ground-roll distance (ft).

If the ground-roll segment is subdivided, the speed and thrust values at the end points of the equal-
distance sub-segments are linearly interpolated by using the end-point values of the original segment.
This method of subdividing the ground-roll segment is used in INM instead of the SAE-AIR-1845
agorithm 3.4.2.

2.3.6 Touch-and-Go Power-On Ground Roll Segment
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For that portion of a touch-and-go ground roll segment when an aircraft is accelerating to takeoff, the
initia and final atitudes are given (the airport elevation), the initia calibrated speed is given (a user-
defined value), and the fina speed, initial and final thrusts, and horizontal distance are cal culated.

The takeoff rotation speed vy, iscalculated by:
Vr2=(CiW”) F**

where,
C; takeoff speed coefficient,
w touch-and-go profile weight,
F density ratio at the airport.

Thethrusts F,, and F,, arecadculated by using the departure thrust equations at the airport
elevation and for calibrated speeds v; and Vv,.

The power-on ground-roll distance is calculated by:

Sy = (vr Y vri?)/(2a)

a = C?NFyu™/(2BW)

where,

S, distance (ft) of that portion of the touch-and-go ground-roll that begins when
accelerating power is applied and ends when takeoff rotation occurs,

vy initia true speed (kt),

vy, final true speed (kt),

a average acceleration (ft/s?) along the runway, which is assumed to be the same
acceleration as available for takeoff,

C takeoff speed coefficient,

N number of engines,

F.o  corrected takeoff thrust,

* pressure ratio at the airport,

B; ground-roll coefficient,

w touch-and-go profile weight.

For the touch-and-go case, corrections for headwind, runway gradient, and segment subdivision are
similar to those for the takeoff case.

2.3.7 Climb Segment
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For a climb segment, the initid and fina 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, theinitial thrust is given from the previous segment, the fina thrust is calculated, and the
horizontal distance is calculated.

A climb segment is flown at constant calibrated airspeed v , climbing from dtitude A, to dtitude A, .
Even though a climb segment uses constant calibrated airspeed, the true airspeeds vy, and vy, a the
segment end points are different because the air densities F, and F, are different. The speeds are
caculated by:

vi;=Vv F'"™ and vy,=v F,'%.
The nominal value of the corrected net thrust per engine F,,. isusudly caculated by using the departure
thrust equations at the mid-point atitude A, =%( A; + A,). Likewise, anomina vaue of the
pressureratio * isusualy calculated at the mid-point atitude A, .

The end point corrected net thrust per engine F,, isusualy calculated by using the departure thrust
equations at speed v and dtitude A.,.

However, there are three cases when this method is not used:
(1) When a"user-value' of thrust is specified, the nominal value of corrected net thrust per engineis

set to the specified value, F. = user-value thrust. The nominal vaue of the pressureratio * is
calculated at the mid-point dtitude.

The calculated initial corrected net thrust per engine F.; is retained from the previous step, but
the calculated final corrected net thrust per engineis replaced by the input value, F,., = user-
value thrust .

(2) When "user-cutback” thrust is specified, the nominal value of corrected net thrust per engineis
set to the specified value, F,. = user-cutback thrust. The nominal value of the pressureratio *
is caculated at the mid-point dtitude.

The climb segment is calculated and then it is broken into two sub-segments, both having the
same climb angle. Thefirst sub-segment is assigned a 1000-foot ground distance, and the
corrected net thrust per engine at the end of 1000 feet is set equal to the user-cutback value.
(If the original horizontal distance is less than 2000 feet, 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.
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Another 1000-foot sub-segment restores the thrust from the user-cutback value to the
caculated value F,, a dtitude A, , but this sub-segment is created in the next climb or
accel eration segment.

3) When engine-out "reduced-thrust” is specified, the nominal value of corrected net thrust per
engine F.. issettoavauethat iscalculated by using an engine-out procedure (below). The
nominal value of the pressureratio * is set to the find value caculated at atitude A, .

Two 1000-foot sub-segments are introduced in a manner similar to the user-cutback case.
The constant engine-out reduced thrust used for the cutback sub-segment is calculated by:

Fre = (W/%,) ((sin(tan'*(G/100))/K) + R)) /(N 1 1)

where,
F..  corrected net thrust per engine (Ib) for an engine-out procedure,
w departure profile weight (Ib),
*, pressure ratio at atitude A, ,
G engine-out percentage climb gradient:

G = 0% for aircraft with Automatic Thrust Restoration Systems; or if not,
G =1.2% for 2-engine aircraft,
G =1.5% for 3-engine aircraft,
G =1.7% for 4-engine aircraft,
K speed-dependent constant
K =1.01 when climb speed <= 200 kt, and K =0.95 otherwise,
Ry drag-over-lift coefficient, which depends on the flaps setting,
N number of engines( 1< N ).

The average dimb angle is calculated by using SAE-AIR-1845 equation A8:
(=d9n'(K(NF.*/W 1 R))

where,

average climb angle,

speed-dependent constant

K =1.01 when climb speed <= 200 kt, and K =0.95 otherwise,
number of engines,

nominal value of corrected net thrust per engine (1b),

nomina value of the pressurerétio,

departure profile weight (Ib),

drag-over-lift coefficient, which depends on the flaps setting.

A

* M =
DS
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The above method of setting the constant K is dightly different than specified in SAE-AIR-1845,
where theinitia climb segment uses K = 1.01, and climb segments after acceleration and flaps-
retraction use K =0.95. The INM method is more useful for handling jet and prop flight profiles and
profiles where the order of climb and acceleration segments are mixed.

The climb angleis corrected for headwind by using SAE-AIR-1845 equation A17:

G =CvI8)/(vTw)

where,
G average climb angle corrected for headwind,
( average climb angle, uncorrected
Vv caibrated airspeed (kt) on the climb segment,
W headwind (kt).

Findly, the horizontal distance for the climb segment is calculated by using SAE-AIR-1845 equation
A9:

Sc = (AZ ! Al)/tan (W

where,
Sc horizontal distance (ft) for the climb segment,
ALA, initid and find dtitude (ft) MSL,
@ average climb angle corrected for headwind.

2.3.8 Acceleration Segment

For an acceleration segment, the initial atitude, initial true airspeed, and initia thrust are given from the
previous segment. The final calibrated airspeed and the average climb rate are user inputs. The final
atitude, find true airspeed, fina thrust, and horizonta flying distance are cal cul ated.

There are two parts in the acceleration-segment algorithm. Thefirst part calculates the dtitude A, that
would be obtained for a flight from an airport at sea-level on a standard day, and the second part
calculates the horizontal distance S, for actual conditions.

The find dtitude A, iscaculated by using an iterative method. First, al atitudes are adjusted to
represent a departure from a sea-level airport. These adjusted altitudes are denoted with a subscript
“s’; for example, A, and A,,. Aninitid vdueof A,,= A+ 250 feet isused, and then the value of
A, isrecalculated until the absolute difference between the current and previous value is less than one
foot. After thelast iteration, the actua final atitudeis constructed by A, = A,,+ E, where E isthe
arport elevation.
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The current final altitude is calculated by using SAE-AIR-1845 equation A11:
Ay = A+ S,"",10.95

where,
A, current fina atitude (ft) above a sea-leve airport,
A initia dtitude (ft) above a sea-level airport, A;c=A; 1 E ,
E elevation of the airport (ft) MSL,
S function of the previous fina atitude (see below),
0 another function (see below),
A,y  previousfinal atitude (ft) above a searlevel airport.

The S-function is calculated by using SAE-AIR-1845 equation A10:
Sp = k(g Vvp?) I(NFg *p /W TR T ™))

where,
S sea-level standard-day horizontal distance (ft),
k constant = ( 101.2686/60)%0.95/ (2 32.17),
vy, standard-day true airspeed (kt) at atitude A (Vrp=V; Fi'™?),
Vrp,  Standard-day true airspeed (kt) at altitude A,g, (Vrap = Vo Fog'”),
N number of engines,
Fnp  Previous standard-day average corrected net thrust per engine (Ib) calculated at points
(Vli Als) and (VZ! AZSp)1 Fncp = 1/2( I:ncl + I:nCZp) '
0 standard-day pressure ratio at the previous mid-point altitude,
1/2( Als + A25p ) J
w departure profile weight (Ib),
Ry drag-over-lift coefficient, which depends on the flaps setting.

The "*-function is calculated by:
"o = Vr,/ (101.2686 Yo( Vry + Vrap ) )
where,
V1, climb rate (ft/min) for a sea-level standard day,
vy, standard-day true airspeed (kt) at altitude A (Vrp=V; Fi'™?),
Vry,  Standard-day true airspeed (kt) at altitude Ang, (Vrap = Vo Fog'”).

Oncethefind atitude A, = A, + E iscalculated, the actua horizontal distance is calculated by:

S.=(C,+C3)/C,
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C; = k(vr? 1 vps?)

C,=NF . */W ! R

C; =09 (A, 1A)
where,

S, horizontal distance (ft) for the acceleration segment,

C temporary results (i = 1, 2, 3),

k constant = ( 101.2686/60)%0.95/ (2 32.17),

true airspeed (kt) at altitude A; (vr;=Vv; '),

Vi,  trueairspeed (kt) at dtitude A, (vr,=V, F,'™),

N number of engines,

F..  average corrected net thrust per engine (Ib) calculated at dtitudes A; and A, , F .=
1/2( I:ncl + I:nCZ) ’

* pressure ratio at the mid-point dtitude ¥ A, + A, ),

w departure profile weight (Ib),

Ry drag-over-lift coefficient, which depends on the flaps setting,

A; A, initid and fina altitudes (ft) MSL.

Finally, the acceleration segment distance is corrected for headwind by using SAE-AIR-1845 equation
A1l8:

S = Sa(vy Tw)/(vy 18)

S,  horizontal distance (ft) corrected for headwind,

S, horizontal distance (ft) for the acceleration segment, uncorrected,
Vr average true airspeed (kt) on the segment, vy = Y2( Vi1 + Vo)
W headwind (kt).

The reason for using the two-part acceleration algorithm is to adjust the standard procedure data. The
INM standard database contains flight profile procedure data for sea-level airport, standard-day
operations. In particular, the acceleration-segment climb rate parameters are for sea-level standard
day. For higher airports and hotter days, the standard climb rates may not be obtained. The two-part
agorithm, in effect, calculates a climb rate:

Ve = 101.2686 v+ C5/ S,,

where vr,. isthe non-standard climb rate (ft/min) and v; , C5, S,, are defined above.

2.3.9 Descent Segment
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For a descent segment, the initial altitude, true airspeed, and thrust are given from the previous segment.
The final atitude, final caibrated airspeed, and the descent angle are user inputs. The find true
airspeed, final thrust, and horizontal distance are calculated.

In INM, the initid altitude and speed appear to be user inputs, however, a descent segment is not
actually calculated until the next segment is processed. This procedure is necessary so that an
approach profile can start with a descent segment.

Thefina true airspeed is.
V2=V, Byt

where,
Vv, given calibrated airspeed,
F, density ratio at dtitude A, .

Thefinal corrected net thrust per engineis calculated by using by using SAE-AIR-1845 equation A15:
Fro = (W/*,) (R ¥ sn(/1.03)/N

where,
F.e  corrected net thrust per engine (Ib) at atitude A, ,
w approach or touch-and-go profile weight (Ib),
*, pressure ratio at atitude A, ,
; drag-over-lift coefficient, which depends on flaps and gear setting,
( average descent angle (a positive value),
N number of engines.

The final corrected net thrust per engine is corrected for headwind by using SAE-AIR-1845 equation
A19:

Frow = Fro + 103 (W/*,)sn ((8 1 w)/(Nv,)

where,
Foow corrected net thrust per engine (Ib) for headwind w,
F.e  corrected net thrust per engine (Ib) at atitude A, ,
w approach or touch-and-go profile weight (Ib),
*, pressure ratio at atitude A, ,
( average descent angle (a positive value),
W headwind (kt),
N number of engines,
Vs caibrated airspeed (kt) at altitude A, .
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The horizontal distance is calculated by:

Sy = (A, VA,)/tan (

Sy horizontal distance (ft) for the descent segment,
A, initia atitude (ft) MSL,

A, fina atitude (ft) MSL (A, > A,),

( average descent angle (a positive value).

2.3.10 Level Segment

For alevel segment, the initial altitude, true airspeed, and thrust are given from the previous segment.
The final altitude, final speed, and distance flown are user inputs (the final atitude and speed must be
the same as theinitial values). Thefind thrust is calculated.

If theinitial thrust is not the same as the final thrust (for example, the previous segment was a climb
segment), then a 1000-ft transition segment is created to equalize the thrusts, so that the major portion
of the level segment is flown at constant thrust.

The corrected net thrust per engineis calculated by using by using SAE-AIR-1845 equation A15 with
zero descent angle:

F.= (W/*)R/N

where,

corrected net thrust per engine (Ib) at atitude A ,

approach, departure, or touch-and-go profile weight (Ib),
pressure ratio at atitude A ,

Ry drag-over-lift coefficient, which depends on flaps and gear setting,
N number of engines.

*Eg‘l’l

2.3.11 Cruise-Climb Segment

For a cruise-climb segment, theinitial altitude, true airspeed, and thrust are given from the previous
segment. Thefinal atitude, fina calibrated airspeed, and the climb angle are user inputs (the initial and
final calibrated airspeeds must be the same). Thefinal true airspeed, find thrust, and horizontal distance
are calculated. Cruise-climb thrust isless than "maximum-takeoff" or "maximum-climb" departure
thrust.

The fina corrected net thrust per engineis calculated by using by using SAE-AIR-1845 equation A15
with an additive term for climb thrust:
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Fro = (W/*,) (R +sn(/0.95)/N

where,

T
3
N

corrected net thrust per engine (Ib) at altitude A, ,

approach, departure, or touch-and-go profile weight (Ib),
pressure ratio at atitude A, ,

drag-over-lift coefficient, which depends on flaps and gear setting,
average climb angle (a positive vaue),

number of engines.

=

- N

Z/M"\10 *

The horizontal distance is calculated by:
Se = (AT A /tan (

where,
See horizontal distance (ft) for the cruise-climb segment,
ALA, initid and fina dtitudes (ft) MSL (A; < A),),
( average climb angle (a positive vaue).

2.3.12 Landing Segment

For alanding segment, the initial and fina dtitudes are given (the airport elevation), the initia (landing)
speed is calculated, the final roll-out speed is calculated from user-input calibrated speed, the initial
(landing) thrust is calculated, the final thrust is calculated from a user-input percentage vaue, and the
ground-roll distance is user input.

The calibrated landing airspeed is calculated by using SAE-AIR-1845 equation A13:
Vi = Df Wl/2

where,
A calibrated airspeed (kt) just before landing,
vr;  truelanding airspeed (kt), v, = v F'%,
D; landing coefficient, which depends on the flaps and gear setting,
w approach profile weight (Ib); weight is assumed to remain constant for the entire
approach profile.

Theinitid thrust F,; iscaculated using the descent thrust equation with the landing descent angle and
airport elevation.

Thefina thrust F,, isobtained by:
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Fo = Fs(P/100)

where,
F.o  corrected net thrust per engine (Ib) at end of landing roll-out,
Fs static corrected net thrust per engine (an input parameter),
P percentage of thrust (an input parameter).

Note that if the aircraft NPD curves are in percent, the value of "thrust” that is actualy assigned to the
flight segment is the percentage value P, so that it can be used to directly access the noise tables.

2.3.13 Decelerate Segment
For a deceleration segment, the initial and fina altitudes are given (the airport elevation), the initial speed
is given from the previous step, and the final speed is calculated from user-input calibrated speed and

density ratio. Theinitia thrust is given from the previous step, the fina thrust is calculated from user-
input percentage of thrust (as above), and the ground-roll distance is user input.

2.4  Flight Path Calculation

An INM flight path is an ordered set of flight path segments. Each segment contains the following data:

X1, Y1, Z4 starting coordinates for the segment (ft, ft, ft),

U, W, U, unit vector directed along the segment,

L length of the segment (ft),

V1 speed (kt) at the starting point, relative to x-y-z coordinates,

v change in speed (kt) dong the segment, Jv =v, 1 vy,

Foct corrected net thrust per engine (Ib, %, or other) at the starting point,
dF. change in thrust (Ib, %, or other) along the segment, )F. = Fro ¥ Fre -

The starting velocity vector (v, U) isdirected aong the segment, and the aircraft is assumed to
continue to fly along the segment as speed and thrust change.  Segment speed and length are used in
the noise module to calculate the segment flying-time duration that a ground-based observer would
experience.

Corrected net thrust per engineisin units of pounds, percent of static thrust, or other units, depending
on the units defining the NPD curves.

Three-dimensional flight path segments are constructed by using ground track data and flight profile
data, as discussed in the sections below.

2.4.1 Ground Track Processing
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INM 5.1 supports two kinds of ground tracks: (1) an ordered set of X,y points, and (2) an ordered set
of vectoring commands (for example, fly straight 5.5 nmi, turn left 90 deg using radius 2.0 nmi).

INM transforms the vectoring commands to a set of X,y points. To do this, INM converts circular
segments into straight lines, processes approach tracks so that they line up with the runway, and adds
leader lines to approach tracks and follower lines to departure tracks.

1 The details of circular arc conversion are discussed in Section 2.4.2 below.

1 When processing an approach track, INM initially calculates the track points by starting the
track at the origin and heading north. After al of the x-y points are calculated, the entire set of
track pointsis rotated and trandated to line-up with the approach end of the runway. The last
track point is made to coincide with the displaced approach threshold point on the runway.
Then, a100-nmi leader line is added to the beginning of the approach track (a new first point is
added), so that the ground track is always longer than a approach profile.

A 100-nmi follower line is added to a departure track and to an overflight track, so that a
departure profile (overflight profile) aways has a defined ground track under it. Touch-and-go
ground tracks are not extended.

2.4.2 Circular Arc Conversion

INM approximates a circular-arc ground track with two or more straight line sesgments. The method of
Reference 15isused. First, the number of sub-arcs contained in the circular arc is computed:

N =intf1+A/60]

where,

N number of sub-arcs,

A given circular arc (degrees),

int[x] function that returns the integer part of x .
Then, the angular size of each sub-arc is computed:

" = A/N.

For each sub-arc, three x-y points are computed. These three points define two line segments. The
first point 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 sub-arc, but not directly onit. The distance from the center of the sub-arc to the
second point, instead of being the arc radius, is computed by:

d=r[cos("/2)+ ("4 ¥ dn¥("/2))" ]
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where,
d distance from the center of the sub-arc to the second point,
r radius of the sub-arc,

magnitude of the sub-arc (radians).

This method ensures that a line segment replaces not more than 30 degrees of turn angle. Also, the sum
of the lengths of the line segments equals the distance along the arc, so that the flying time aong the line
segments is the same as the time that would be flown along the circular arc.

2.4.3 3-D Flight Path Construction

A three-dimensional flight path is constructed by merging atwo-dimensional profile (a set of distance
vs. dtitude points) with atwo-dimensional ground track (a set of x-y points).

1 Wherever there is atrack point, a z-value is computed by interpolating between two points on
the profile.
1 Wherever there is a profile point, 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 atrack point lies between two profile points, alinear interpolation method is used to calculate the
altitude, speed, and thrust.

z=z7+f(z"'2z)
Vi = v+ (vrp D)
Fnc = I:ncl"'f ( l:nc2 ! I:ncl)

where,
z altitude above the airport at the interpolated point,
z initid profile dtitude,
Z, fina profile dtitude,
vy speed at the interpolated point,
Vi initia profile speed,
vy, final profile speed,
Frc corrected net thrust per engine at the interpolated point,
F. initid profilethrus,
F. findprofilethrus,
f fraction of the distance from profile point 1 to the interpolated point divided by the
distance from profile point 1 to point 2.
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2.4.4 Displaced Thresholds and Threshold Crossing Heights

A departure flight path starts a given distance from the departure end of the runway:

D = Ddep + )trk

where,
D start-roll distance (ft) from the end of the runway,
Dup  displaced departure threshold (ft) for the runway (user input),
duw  detadistance (ft) for the departure ground track (user input).

An approach or touch-and-go flight touches down on the runway a given distance from the approach
end of the runway:

D = Dapp + )trk + htc |q-1|/11

where,

D touch-down distance (ft) from the end of the runway,

Dap  displaced approach threshold (ft) for the runway (user input),

duw  detadistance (ft) for the approach ground track (user input),

he threshold crossing height (ft) for the runway (user input),

0.1 coordinate value (ft) of the profile point immediately before the touch-down point (itisa
negative number),

Z, altitude (ft AFE) of the profile point immediately before the touch-down point (the
touch-down point has coordinates: g, =0, z,=0).

2.45 Touch-and-Go and Circuit Flight Path Methods
INM uses special processing to construct touch-and-go and circuit flight paths.
A user-defined touch-and-go profile startsin leve flight at airport pattern altitude, descends, touches

down on the runway, rolls out, takes off, climbs, and ends somewhere after leveling off at pattern
atitude.

After associating a touch-and-go profile with a touch-and-go track, but before calculating flight path
points, INM reorders and modifies the set of profile points so that the profile starts and ends at the
touch-down point. While reordering the points, INM inserts an extra level segment in the downwind
portion of the profile (between the last departure point and first approach point), so that the profile
distance is the same as the track distance. Also, afinal touch-down point is added at the end. When
finished, INM has created a new profile that starts at touch-down, ends at touch-down, and has
horizontal coordinate distance equal to the touch-and-go ground track distance.
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A user-defined circuit profile starts on the runway as a standard departure, takes off, climbs to pattern
atitude, levels out, descends from pattern atitude, lands, and decelerates to taxi speed.

After associating a circuit profile with a touch-and-go track (there are no circuit tracks), INM inserts an
extralevel segment in the downwind portion of the profile, so that the profile distance is the same as the
track distance. The place where the extra segment is inserted is determined by the “level-stretch”
procedure step, which is provided by the user.

After modifying a touch-and-go or circuit profile, INM merges the new profile points and the ground
track points to compute a three-dimensional flight path.

2.4.6 Segments Too Short and Too Long

After INM 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 feet, 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 isto 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-kt. The
number of sub-segmentsis calculated by:

N = int 1+ ((vyp ¥ vy, ) L 10'5)%]

where,
N number of equal-distance sub-segments,
int[x] function that returns the integer part of a number x,
vy, initial speed (kt),
vr,  find speed (kt),
L length of the segment (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 fina end-point values.
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3 ACOUSTIC COMPUTATION METHODOLOGY

Chapter 3 describes the computation methodology employed by INM 5.1 to generate noise-level and
time-above metrics at a single user-specified observer, or at an evenly-spaced regular grid of
observers, including the 17-by-17-point regular grid of observers used in the development of the
recursively-subdivided irregular grid that is required for a contour analysis. Much of the discussion
presented herein is based upon information presented in Reference 10.

Chapter 3 has eleven sections.
Section 3.1 describes the computation of the flight path segment geometric and physical
parameters.

Section 3.2 describes the flight path segment noise interpolation and extrapolation process.

Section 3.3 describes the acoustic impedance adjustment which is used to compute a
temperature / pressure-dependent adjustment for the NPD data.

Section 3.4 describes the computation of the flight-segment noise fraction adjustment for
exposure-based noise level metrics.

Section 3.5 describes the computation of the air speed adjustment for exposure-based noise
level metrics.

Section 3.6 describes the computation of the lateral attenuation adjustment.

Section 3.7 describes the ground-based dir ectivity adjustment for observers behind the start-
of-takeoff roll, as well as for computing metrics associated with runup operations.

Sections 3.8 describes how the flight-segment-by-flight-segment computations described in
Sections 3.1 through 3.7 are used to compute the exposure-based noise level metrics.

Sections 3.9 describes how the maximum noise level metrics are computed.
Sections 3.10 describes how the time-above metrics are computed.

Section 3.11 explains the difference between single-metric and multi-metric contour analyses.

Figure 3-1 graphically summarizes the acoustic computation process employed in INM 5.1.
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Figure 3-1: INM 5.1 Acoustic Computation Process
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3.1

Flight Path Segment Parameters

As a prerequisite to noise level computations, several geometric and physical parameters that are
associated with an aircraft flight path are computed. Section 3.1 describes the computation of these
parameters.

Computation of the following flight-segment geometric parametersis discussed in Section 3.1.1:
(1) the closest point of approach on the flight-path segment, or the extended flight-path
segment, to the observer; and (2) the slant range from the observer location to the closest
point of approach.

Computation of the following flight-segment geometric and physical parametersis discussed in
Section 3.1.2: (1) the speed along the flight-path segment; (2) the atitude associated with the
flight-path segment; (3) the over-ground, sideline distance from the observer location to the
ground-projection of the closest point of approach; and (4) the engine power associated with
the flight-path segment.

Figures 3-2 through 3-4 present, respectively, the observer/flight-segment geometry for the three
general INM cases: (1) the observer is behind the flight-path segment; (2) the observer is astride the
flight-path segment; and (3) the observer is ahead of the flight-path segment. The variables shown in
these figures are defined as follows:

P

observer point.
dart-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 observer, as defined in
detail in Section 3.1.1, below. The specific definition depends on the position of the
observer 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 observer. It has a minimum
length of 1 ft.

vector from the end of the flight-path segment to the observer. It hasaminimum
length of 1 ft.

perpendicular vector from the observer to PCPA on the flight-path segment, or the
extended flight-path segment, as defined in detail in Section 3.1.1. It has a minimum
length of 1 ft.
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Figure 3-2:

Figure 3-3:
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SLRy,

CPA

SLRy,

*PsP*, the length of the perpendicular vector from the observer to PCPA on the
flight-path segment, or the extended flight-path segment, as defined in detail in Section
3.1.1. It hasaminimum value of 1 ft.

length of the flight-path segment (ft). It has a minimum value of 10 ft.

point on the flight-path segment, not the extended flight-path segment, which is the
closest point of approach to the observer, as defined in detail in Section 3.1.1, below.
The specific definition depends on the position of the observer relative to the flight-
path segment.

length of the vector from the observer to CPA on the flight-path segment, not the
extended flight-path segment, as defined in detail in Section 3.1.1. It has a minimum
value of 1 foot.

relative distance along the flight-path segment, or the extended flight-path segment,
from P, to Pg (ft). Thevaue of g is used to determine the position of the observer
relative to the flight-path segment, as shown in Table 3-1.

distance along the flight-path segment from the start of the segment at P,, to CPA (ft).
Depending on the value of g, i.e., the relative geometry between the observer and the
flight-path segment, d, takes on the following values. (1) when g <0, d,s=0; (2)
when 0# q # L, das=q; and when g > L, dag=L.

See Appendix B for amore detailed discussion of the closest point of approach and dant range

parameters.

Table 3-1: Position of the Observer Relative to the Flight-Path Segment

Vaueof q Position of Observer Relative to Flight-Path Segment
g<o0 Observer is Behind Segment

O#q#L Observer is Astride Segment
g>L Observer is Ahead of Segment

3.1.1 Closest Point of Approach and Slant Range

The closest point of approach and slant range parameters are integral components of INM 5.1
computations. In fact, the slant range is used for noise-level interpolation of the NPD data (see Section
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3.2). Inaddition, their computation is an integral prerequisite to the noise fraction algorithm used for
exposure-based metrics (see Section 3.4).

The slant range from the observer location to the closest point of approach on the flight path, SLR, 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 observer. The specific definition of PCPA
depends upon the position of the observer location relative to the flight-path segment. If the observer is
behind or ahead of the flight-path segment, then PCPA is the intersection point of the perpendicular
from the observer to the extended segment. If the observer is astride the flight-path segment, then
PCPA is the intersection point of the perpendicular from the observer to the segment.

The exceptions to the above definition for slant range occur when: (1) the observer is behind a takeoff
ground-roll segment (see Section 3.7); and (2) performing computations involving either the L og OF
Lentsmx NPD data, including the computation of the time-above metrics, or the computation of all
metrics for arunup operation. In these cases, the slant range, designated SL R, is defined asthe
distance from the observer location to the closest point of approach on the flight-path segment,
designated CPA, not the extended flight-path segment. The specific definition of CPA depends on the
position of the observer location relative to the flight-path segment. If the observer is behind the flight-
path segment, CPA is the start-point of the segment. If the observer is astride the flight-path segment,
CPA isequivalent to PCPA. If the observer is ahead of the flight-path segment, CPA is the end-point
of the flight-path segment.

To smplify the noise-level interpolation process discussed in Section 3.2, the base-10 logarithm of the
sant range, both SLR, and SL R, is computed. Since the noise-level interpolation processis
performed logarithmically with regard to distance, the step of converting slant range to its base-10
logarithmic value facilitates linear interpol ation.

3.1.2 Speed, Altitude, Distance, and Power
Computations of the following four support parameters, associated with each flight-path segment, are
described herein: (1) the speed at CPA; (2) the altitude at CPA; (3) the over-ground, sideline distance
from the observer location to the horizontal, i.e., ground, projection of CPA; and (4) the engine power
at CPA.
The speed, ASq,, a CPA is computed vialinear interpolation, as follows:

ASy, = ASp +[das/L])AS (kt)
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where,
ASp;  speed at the start of the flight-path segment (kt);
das defined in Section 3.1, above;
L defined in Section 3.1, above;
)AS  changein speed along the flight-path segment (kt).

A S, is used to compute the airspeed adjustment for exposure-based noise-level metrics as discussed
in Section 3.5.

The altitude, ds,, a CPA is computed via linear interpolation, as follows:
Oeg = [Pdz+das [ (PP /L]~ (ft AFE)

where,
[P];  dtitude 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);

das defined in Section 3.1, above;
(P,P,); changein altitude along the flight-path segment (ft);
L defined in Section 3.1, above.

sy IS Used to compute the lateral attenuation adjustment discussed in Section 3.6.

The sideline distance from the flight-path segment to the observer, |, defined as the distance in the
horizontal plane from the observer location to the ground-projection of CPA, is computed as follows:

lieg = [ *(SLRg” - dsg?)* 1% (ft)
where,

SLRyy defined in Section 3.1, above;

Oeeg as computed above.

The sideline distance, |, is used to compute the ground-to-ground component of the lateral attenuation
adjustment as discussed in Section 3.6.

The engine power, Py, a CPA is computed vialinear interpolation, as follows:
Peg = Ppy+[das/L] )P (see below for units)

where,
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Pp1 engine power at the start of the flight-path segment (note: “power”, also known as
“thrust-setting”, is expressed on a per engine basis in avariety of units, including
pounds, percent, and engine-pressure-ratio, commonly referred to as EPR, aswell as
other units of power. The specific unit designation can be found in the
THRSET_TYP category of the NOIS_GRP data base file.);

das defined in Section 3.1, above;

* |n certain computational areas of INM 5.1, it is assumed that O isexpressed in feet AFE, e.g., in computing the
lateral attenuation adjustment (see Section 3.6). Conseguently, when the terrain elevation enhancement is invoked,
g, Which is expressed in feet MSL, is converted back to feet AFE (as it appearsin the FLIGHT.PTH file), by
subtracting the airport elevation, in feet MSL.

L defined in Section 3.1, above;
)P change in power along the flight-path segment.

Py is used in performing noise level interpolation as discussed in Section 3.2.

3.2 Noise Level Interpolation (Lpg)

Given the engine power associated with the flight-path segment, along with the base-10 logarithm of the
distance, the NPD data are then used to either linearly interpolate or extrapolate an associated noise-
level value. In actuality, the interpolation/extrapolation process is logarithmic with regard to distance;
however, since the base-10 logarithm of the distance is used, the result is equivalent to logarithmically
interpol ating/extrapol ating on the actual distance.”

For each aircraft flight operation, NPD data are available for the four fundamental noise-level metrics,
Lag Lepny Lasmeo @Nd Lpntsmy- The @ppropriate metric is selected for interpolation / extrapolation
based upon the user-specified noise metric, or family of metrics to be computed at the observer. The
specific distance and power value used in the interpolation / extrapolation process is dependent on the
type of base metric selected. Section 3.2.1 and 3.2.2 discuss 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 / extrapolation process employed by
INM 5.1.

The noise level at engine power, P;, and distance, d, is given by:

Lpia = Lprar + (Lpraz - Lprgr) (1000 d - l0god;) / (10gy d; - 0o d;) (dB)

where,
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P, P, engine power values for which noise data are available in an aircraft's NPD data
(pounds, percent, EPR, as well as other units of power on a per engine basis);

d,, d, distancevaluesfor which noise data are available in an aircraft's NPD data;
Leigr  Noiselevel at power, Py, and distance, d; (dB);
Lrpgr  Noiselevel at power, P,, and distance, d; (dB);
Lergp  Noiselevel at power, Py, and distance, d, (dB);

Leoge  NOiselevel at power, P,, and distance, d, (dB).

*  Severa of the NOISEMAP aircraft, which were included in the INM Data Base beginning with Version 5.1, contain
NPD datafor afterburner operations. These data are identified in the CURVE_TY PE category of the NPD_CURV
data base filewith an "A" (Afterburner) identifier, as compared with an "N" (Normal) identifier, which is used for all
non-afterburner NPD data. If a particular flight path segment isidentified as an afterburner segment, interpolation /
extrapolation is only performed with regard to distance, not power. In other words, afterburner is either on or off.

The noise level at engine power, P,, and distance, d, is given by:

Leod = Lpoar + (Lpogz - Lpzar) (1000 d - logy, dy) / (10gy d, - l0gy, dy ) (dB)
Then, the interpolated / extrapolated noise level at engine power, P, and distance, d, is given by:

Lpg = Lprg+ (Lpag- Lprg) (P- Py)/(Py- Py) (dB)

The above methodology is utilized when: (1) the engine power and/or distance associated with the
observer/segment pair lies between existing vaues in the NPD data (i.e., interpolation); (2) the power
and/or distance associated with the observer/segment pair is larger than existing values in the NPD data
(i.e., extrapolation); and (3) the power associated with the observer/segment pair is smaller than
exigting values in the NPD data (i.e., extrapolation).

When the distance associated with the observer/segment pair is smaller than the smallest distance in the
NPD data (200 ft), a special case applies. This specia case is discussed separately for exposure-
based noise-level metrics (Section 3.2.1) and maximum noise-level metrics (Section 3.2.2).

3.2.1 Exposure-Based Noise Level Metrics

The general noise interpolation / extrapolation process described in Section 3.2 is applicable for the
four fundamental noise-level metrics, Lag, Lepn, Lasme @nd Lentsmy- HOWever, 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.
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Specificaly, if the end points of aflight-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 L ,g or Lgpy, @S appropriate,
interpolated / extrapolated for an observer/segment pair, is given by:

> Lpseg d=sLRpth observer behind or ahead of segment

L = .
P.d X L poeg =St Rseg observer astride segment

where,
Lpsega=sirptn  iNterpolated noise level based upon engine power associated with the flight-path
segment, Py, as defined in Section 3.1.2, and the distance to PCPA on the
extended flight-path segment, as defined in Section 3.1.1 (dB);

Lpsega=sireeg  iNterpolated noise level based upon engine power associated with the flight path
segment, P, as defined in Section 3.1.2, and the distance to CPA=PCPA on
the flight-path segment, as defined in Section 3.1.1 (dB).

For the specia case in which SLR, or SLRy is smaler than 200 ft, i.e., the smallest value in the
distance portion of the NPD data, cylindrical divergence(i.e., line-source) is assumed and a 10 log,[ d;
/d,] relationship is utilized for the L,e-based and L gp\-based noise-level metrics. For example, if
the L oe for a distance of 200 ft, and a given power in the NPD datais 95.6 dB, the L ¢ at 100 ft at the
same power level is98.6, i.e., 95.6 + 10 log,[ 200/100 ].

3.2.2 Maximum Noise Level Metrics

As stated previously, the general noise interpolation / extrapolation process described in Section 3.2 is
applicable for the four fundamental noise-level metrics, Lag, Lepny Lasmx @nd Lpytsm: HOWever, the
specific distance and power value used in the interpolation / extrapolation processis different for
maximum noise-level metrics as compared with exposure-based metrics.

Specificaly, if the end points of a flight-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 L ygn, OF LpnTsmx: 8S @ppropriate,
interpolated / extrapolated for an observer/segment pair, is given by:

> MaX[ Lpgsrarts Legeno ) observer behind/ahead of segment

bpa = X' Max[ Lpgsrarts Lpaprcear Lpaeno ] Observer astride segment
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where,
Max] ] function that returns the maximum of several noise level values,

Lp g sTART interpolated noise level based upon the distance and engine power values
associated with the start of the flight-path segment (dB);

Lpgenp interpolated noise level based upon the distance and engine power values
associated with the end of the flight-path segment (dB);

Lp d.pcra interpolated noise level based upon the distance and engine power values
associated with PCPA = CPA on the flight path segment (dB).

As with exposure-based metrics, a specia case applies for maximum noise level metrics when the
distance is smaller than 200 ft, i.e., the smallest value in the distance portion of the NPD data.
Specifically, for the L gmy-based and L pyrsmy-based noise metrics, spherical divergence (i.e., point-
source) isassumed and a 20 log,o[ d,/ d,] relationshipisutilized. For example, if the L gm fOr a
distance of 200 ft, and a given power in the NPD datais 95.6 dB, the L o5, a 100 ft at the same
power level is 101.6, i.e.,, 95.6 + 20 log,o[ 200/ 100 ].

3.3 Acoustic Impedance Adjustment (Alap;)

Before the interpolated/extrapolated noise level data, Lp 4, is utilized for computations, an acoustic
impedance adjustment, designated by the symbol Al »p;, IS applied. Acoustic impedance, whichisa
function of temperature, atmospheric pressure, and indirectly atitude, is defined as the product of the
density of amedium (in this case air) and the speed of sound in that medium.

The noise-level portion of the INM NPD data has been corrected to reference-day conditions (77
degrees Fahrenheit, 29.92 inches of mercury, and mean sea level).? It can be adjusted to any test site
temperature and pressure by correcting for the deviation in acoustic impedance of air at the test site
from a reference-day impedance of 409.81 newton-seconds/m®. See Appendix C for a derivation of
the Al ,p; equation.® & 1617

Alap; = 101og,[ Dc/409.81]" (dB)

where,
Dc = 416.86[ * / 2V2]
* = [(518.67 - 0.003566 A )/518.67]°>%% +[ P- 29.92]/29.92

2 = [459.67 + T - 0.003566 (A - E)]/518.67

The variables in the above equations are defined as follows:
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Alsp;  acoustic impedance adjustment to be added to noise level datain the INM NPD data
base (dB);

Dc acoustic impedance at observer altitude and pressure (newton-seconds/mq);

ratio of atmospheric pressure at observer atitude to standard-day pressure at sea
level, with an adjustment term added to take into account non-standard pressure;

observer atitude MSL (ft);

airport pressure MSL (in-Hg);

ratio of airport temperature to standard-day temperature at sea level;
airport temperature (F);

airport elevation MSL (ft).

m =4 N T >

As can be seen from the above equation, when the terrain elevation enhancement is invoked, Al op; iS
computed and applied to the NPD data on an observer-by-observer basis, according to the observer
altitude, temperature, and pressure. Otherwise, the airport elevation and the observer altitude are
equivalent, and asingle value of Al ,p;is computed and applied regardliess of the observation point.

Note that when terrain elevation is not invoked and when airport temperature, pressure, and altitude are
equivalent to 77°F, 29.92 in-Hg, and O ft MSL, respectively, the Al ,p; is zero.

* See Appendix C for aderivation of this equation
34 Noise Fraction Adjustment for Exposure-Based Metrics

(N FADJ)

The exposure-based noise level datainterpolated / extrapolated from the INM NPD data, Lp g4,
represents the noise exposure level associated with a flight path of infinite length. However, the aircraft
flight path in INM 5.1 is described by a set of finite-length flight-path segments, each contributing
varying amounts of exposure to the overall noise metric computed at an observer.

The noise fraction algorithm, used exclusively for computation of the exposure-based metrics (i.e., L og,
Lans Loens Laeqeans Law Loy Lepns Lners @nd Lyyecen), and indirectly for computation of  the time-above
metrics (i.e., TAL, and TALpyr), 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 aflight path of infinite length. It is based upon a fourth-power, 90-degree dipole model of sound
radiation, > 18 1°

Computation of the noise fraction for aflight operation is necessary because the L oe-based and L gpy-
based noise levelsin the NPD data are computed assuming the aircraft proceeds along a straight flight
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path, parallel to the ground, and of infinite length. To obtain the noise level or time-above at an
observer location due to an aircraft proceeding along afinite flight-path segment, the exposure-based
noise-level data, interpolated / extrapolated from the INM NPD data, must be adjusted by afractional
component, which is associated with the geometry of the observer/flight-segment pair.

3.4.1 Observer Behind, Astride, Ahead of Segment

Figures 3-5 through 3-7 present, respectively, the flight-segment/observer geometry for the three
general INM cases discussed earlier in Section 3.1: (1) the observer is behind the flight-path segment;
(2) the observer is astride the flight-path segment; and (3) the observer is ahead of the flight-path
segment. The variables used in these figures are defined as follows.

P observer point;
P; start-point of the flight-path segment;
P, end-point of the flight-path segment;

Ps PCPA, the point on the flight-path segment, or the extended flight-path segment,
which is the perpendicular closest point of approach to the observer;

r,.=P;P. length of the connecting segment from the start of the flight-path segment to the
observer (ft). It hasaminimum vaue of 1 ft;

r,=P,P, length of the connecting segment from the end of the flight-path segment to the
observer (ft). 1t hasaminimum value of 1 ft;

L length of the flight-path segment (ft). It has a minimum vaue of 10 ft;
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Figure 3-7: Geometry for the Noise Fraction of an Observer Ahead of a Flight-Path Segment
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q relative distance along the flight-path segment, or the extended flight-path segment,
from P, to Pg (ft). The vaue of g is used to determine the position of the observer
relative to the flight-path segment, as shown in Table 3-1.

When g <0, i.e., the observer is behind the flight-path segment, the following definitions apply (see
Figure 3-5):

N,
N,

an*q/r * (radians)
sn™*(L-q)/r,* (radians)

The noise fraction, Fy,, is given by:
Fio = (UB)[ N;- N;+snN,cosN,- snN; cosN; ]

where,
N, angle defined by: (1) the segment connecting the observer to PCPA on the extended
flight-path segment; and (2) the segment connecting the observer to the start of the
flight-path segment, i.e., CPA;

N, angle defined by: (1) the segment connecting the observer to PCPA on the extended
flight-path segment; and (2) the segment connecting the observer to the end of the

flight-path segmen.

When 0# q # L, i.e, the observer is astride the flight-path segment, the following definitions apply
(see Figure 3-6):

N,
N,

sn**q/r * (radians)

sn™*(L-q)/r,* (radians)

The noise fraction, Fy,, isgiven by:
Fi, = (UB) [ Ny + N, +snN; cosN; +snN, cosN, ]

where,
N, angle defined by: (1) the segment connecting the observer to PCPA on the flight-path
segment; and (2) the segment connecting the observer to the start of the flight-path
segment;

N, angle defined by: (1) the segment connecting the observer to PCPA on the flight-path
segment; and (2) the segment connecting the observer to the end of the flight-path
segment.
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Whenq > L, i.e, the observer is ahead of the flight-path segment, the following definitions apply (see
Figure 3-7):

N,
N,

snt*q/r * (radians)
sn™*(q-L)/r,* (radians)

The noise fraction, Fy,, is given by:
Fi =(B) [ Ny- N, +sinN; cosN; - snN, cosN, ]

where,
N, angle defined by: (1) the segment connecting the observer to PCPA on the extended
flight-path segment; and (2) the segment connecting the observer to the start of the
flight-path segment; and

N, angle defined by: (1) the segment connecting the observer to PCPA on the extended
flight-path segment; and (2) the segment connecting the observer to the end of the
flight-path segment, i.e., CPA.

The noise fraction, Fy,, is then converted to a dB adjustment as follows:
NFap; = 10100y Fio ] (dB)
See Appendix D for aderivation of the equations used for the noise fraction in INM 5.1.
3.4.2 Observer Behind Start-of-Takeoff Roll

For an observer 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 F,,N, ensures consistency at an azimuth
angle of 90 degrees (measured from the noise of the aircraft) with the noise fraction discussed abovein
Section 3.4. It provides essentialy uniform directivity characteristicsin al directions (see Figure 3-5
for the support variables discussed below), and is given by the equation:

FN=(1/B) [ N, +snN, cosN, ]

where,
N, angle defined by: (1) the segment connecting the observer to PCPA on the extended
flight-path segment; and (2) the segment connecting the observer to the end of the
flight-path segment.
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The noise fraction for the special case of observers behind the start-of-takeoff rall, Fy,N, isthen
converted to adB adjustment as follows:

NFaps = 1010g;o[ FioN] (dB)
3.5 Airspeed Adjustment for Exposure-Based Metrics
(ASADJ)

The aircraft speed adjustment takes into account the effect of time-varying aircraft speed, both
acceleration and deceleration, on the exposure-based metrics. It is not applied to maximum noise level
metrics since they are inherently independent of time. In addition, since arunup is a stationary
operationin INM 5.1, i.e., it does not have an associated speed, the speed adjustment is not
applicable, regardless of noise metric.

The Lag and Lgpy vValuesin the NPD data are for areference true airspeed of 160 kt. For aircraft
speeds other than 160 kt, the airspeed adjustment, AS,p;, iS given by:

ASapy = 10 logy[ 160/ ASy, ] (dB)

where AS, isthe true airspeed at the closest point of approach (CPA), as discussed in Section 3.1.2.

3.6 Lateral Attenuation Adjustment (LA p;)

The lateral attenuation adjustment is meant to take into account the following effects on aircraft sound
due to over-ground propagation:” (1) ground reflection effects; (2) refraction effects; and (3) airplane
shielding effects, as well as other ground and engine/aircraft installation effects. It is computed as a
function of two empirical parameters, the sideline distance from the flight-path segment to the observer,
lseq, COMputed in Section 3.1.2, and the angle formed by SL R, and the ground plane beneath the
observer location, $.

The ground plane beneath the observer is either defined by aflat plane, or, if the terrain elevation
enhancement is invoked, elevation data are used to compute the actual slope of a three-by-three arc-
second ground plane, with the observer at its physical center (see Figure 3-8).

The INM 5.1 database includes all of the aircraft from the United States Air Force's (USAF)
NOISEMAP suite of programs, as of January 1996. The specific NOISEMAP aircraft are identified
inthe MODEL_TY PE category of INM 5.1 NOIS_GRP.DBF database file with an "N"
(NOISEMAP), as compared with an "I" (INM). The specific algorithms used for computing lateral
attenuation in INM 5.1 are dependent upon whether the MODEL _TY PE associated with a particular
aircraft is categorized as INM or NOISEMAP.
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* Thelateral attenuation adjustment in INM 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 INM could
under predict the actual noise level.

Altitudel
d

s07

Flight Track

Sideline distance Elevation

Ground distance =1.,, I angle

—1
Elevation angle =B =tan (d:ss/ L., )

Observer ﬁ

Figure 3-8: Lateral Attenuation Geometry

3.6.1 INM Aircraft

If the MODEL_TY PE associated with a particular aircraft in the NOIS_GRP.DBF databasefileis
categorized as INM, computation of the lateral attenuation adjustment depends upon whether the
arcraft islocated on the ground or in the air. If the aircraft is on the ground, the adjustment has a
ground-to-ground component only. If the aircraft isin the air, it has 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 is computed as follows:

£ 15,09 1- 0002nIs | for 0<ly,#914m (3000ft)  (dB)
Gl =3 <1386 for I, > 914 m (3000 ) (dB)
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where,
leeq sdeline distance in the horizontal plane from the observer to the ground-projection of
CPA (m).

The air-to-ground component of the lateral attenuation adjustment, 7 ($), is computed as follows:

:3.96- 0.066 $ +9.9e013% for 0# $ # 60 degrees (dB)
79 = 40 for 60 < $ # 90 degrees (dB)

The overall lateral attenuation adjustment, LA 5p; Which takes into account both the ground-to-ground
component, G(ls,), and the air-to-ground component, 7 ($), is then computed as follows:

LAapsonmy = Glleg) 7($) / 13.86 (dB)

3.6.2 NOISEMAP Aircraft

If the MODEL_TYPE in the NOIS_GRP.DBF database file is categorized as NOISEMAP,
computation of the lateral attenuation adjustment depends upon the elevation angle, $. If the elevation
angleisless then 2 degrees, the adjustment has a ground-to-ground component only. If the elevation
angleis greater than or equal to 2 degrees, it has 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 is computed as follows.”

1 15.09[ 1 - g 000274lseg ] for 0 < gy # 401 m (1316 ft) (dB)
Cle) =5 <1006 for Iy, > 401 m (1316 ft) (dB)
where,
lseg sideline distance in the horizontal plane from the observer to the ground-projection of
CPA (m).

The air-to-ground component of the lateral attenuation adjustment is computed as follows:

2 (21.056/ %) - 0.468 for 2# $ # 45 degrees (dB)
7@ = €0 for 45 < $ # 90 degrees (dB)
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*  The ground-to-ground component of the lateral attenuation adjustment actually computed by the NOISEMAP
program is dependent upon the one-third octave-band frequency characteristics of the noise source. Dueto this
fact, small differences are expected when comparing INM and NOISEMAP results directly, especialy in the
immediate vicinity of the airport runways.

The overall lateral attenuation adjustment, LA 5p; Which takes into account both the ground-to-ground
component, G(ls,), and the air-to-ground component, 7 ($), isthen computed as follows:

LA by noisemap) = G(lseg) 7($) /10.06 (dB)

3.7 Ground-Based Directivity Adjustment (DIR4p;)

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. Thisdirectivity adjustment is expressed as a function of azimuth angle, q,, defined as the
angle formed by the flight-path segment and the connecting segment from the observer to the start of
the flight-path segment, i.e., CPA.*®

To account for the effect of dight variationsin the heading of the aircraft just prior to takeoff ground
roll, among other effects, adirectivity smoothing adjustment, computed as a function of dant range from

the observer location to the aircraft, is also applied.?

The azimuth angle, g, used in computing the directivity adjustment is given by:

q. = cos(q/ry) (degrees)
where,
q relative distance between points P;, and Ps (ft). By definition, the value of g isless
than O (see Figure 3-5);
r SL R, the lant range from the observer to CPA on the flight-path segment (ft).

Since the value of q islessthan zero, and the value of SLRy, is greater than zero, then the value of g is
always greater than 90 degrees. The directivity adjustment, DIR,p; is computed as a function of
azimuth angle, as follows:
When g, is between 90 and 148.4 degrees, DIR,p; IS given by:

DIRAp; = 51.44- 1.553 g, + 0.015147 ¢, ?- 0.000047173 q, 3 (dB)
When g, is between 148.4 and 180 degrees, DIR,p; iS given by:

DIR,p; = 339.18 - 2.5802 g, - 0.0045545 ¢, 2 + 0.000044193 g, * (dB)

61



INM 5.1 Technical Manual

The directivity adjustment, DIR,p;, is then modified by a smoothing equation that is computed as a
function of slant range from the observer location to CPA on the flight-path segment, SLRy,. The
smoothing function is activated when SL R is greater than 2500 ft. The function, which reduces the
directivity effect in dB by afactor of 50 percent, per doubling of distance, is given by:

DIRap; = DIRaps( 2500/ SLRyy) for SLRg,> 2500 ft (dB)

3.8 Computation of Exposure-Based Noise Level Metrics

This section discusses separately the computation of exposure-based noise level metrics for flight
operations (Section 3.8.1), as well as for runup operations (Section 3.8.2). To obtain the total noise
exposure at an observer location, the contributions from both flight operations and runup operations are
combined.

For the computation of exposure-based metrics at multiple observersin aregular grid, including the
base regular grid used in a single-metric and multi-metric contour analysis, the methodology described
in Sections 3.1 through 3.8 is repeated iteratively. If the terrain elevation enhancement is not invoked,
the step of computing the acoustic impedance adjustment for each observer iteration is skipped
(Section 3.3). Itisnot necessary to repeat this step if the terrain elevation enhancement isinactive
because the observer's elevation, temperature, and pressure are the same as at the airport.

3.8.1 Flight Operations

For the exposure-based noise metrics, the sound exposur e ratio due to a single flight-path segment of
aflight operation, denoted by the symbol E/E (seg), is computed as follows:

[ LP,d+ AIADJ+ NFADJ+ AS\DJ- LAADJ+ DlRADJ] / 10
E/E,(seg) = 10

where,
Lpg unadjusted, L o¢ or Lgpy, in dB, resulting from the noise interpolation process (see
Section 3.2);

Al,p;  acoustic impedance adjustment, in dB (see Section 3.3);
NF.p; noisefraction adjustment, in dB (see Section 3.4);
AS,p; arspeed adjustment, in dB (see Section 3.5);

LAp; latera attenuation adjustment, in dB (see Section 3.6); and

DIR,p; directivity adjustment, in dB, which is applied only if the flight-path segment is part of
takeoff ground roll (see Section 3.7).
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Each flight in the study case has associated with it a given number of operations for the day, evening,
and night-time periods. Also, depending upon the user-specified metric, each time period may have a
weighting factor, i.e., penalty, associated with it. The weighting factors for the standard exposure-
based metrics, along with their associated time-averaging constants (AvQcns), Which are discussed later
in this section, are summarized in Table 3-2. INM 5.1 users aso have the option to define their own
weighting factors and averaging constants through the use of a user-specified exposure-based metric.

Table 3-2: Weighting Factors and Time-Averaging Constants for
the Standard Exposure-Based Metrics

Metric Wy We.e Wiighe AVQ g 10 109,,[AVQ,ng] (dB)
Lae 1 1 1 1 0
Len 1 1 10 86400 49.37
L gen 1 3 10 86400 49.37
L peqpan 1 1 1 86400 49.37
Lg 1 1 0 54000 47.32
L, 0 0 1 32400 45.11
Lepn 1 1 1 1 0
Lner 1 1 16.67 630957345 88.0"
Lwecen 1 3 10 8640 39.37

* |n accordance with the technical definition, a5 dB penalty is added to evening operations when computing the

Lg4en NOise metric. The 5 dB penalty, expressed in terms of aweighting factor, is equivalent to 3.16, not 3. However, in
Title 21, Subchapter 6, 85001 of California state law afactor of 3isused. Sincethe state of Californiaisthe primary
user of the L 4, metric, it was decided that INM would be consistent with state law, rather than the traditional

technical definition. The evening weighting factor in the Ly,gcpy Metric was changed to 3 for consistency. Itis
anticipated that this subtle difference will be of no practical consequence in the computations.

** The 88.0 dB valueis an arbitrarily-chosen scaling constant inherent in the definition of the Ly metric. A 24-
hour period is used to compute the metric.

*** The 8640 val ue represents the number of contiguous, 10-second intervalsin a 24-hour period. Unlike L g,
which is normalized to aduration of 1 second, Lgpy, is normalized to a duration of 10 seconds.
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The number of operations associated with each time period, coupled with the weighting factors, is used
to compute the weighted sound exposure ratio, denoted by the symbol E/E (wtseg), for a single flight-
path segment and operation.

E/Eo(Wtseg) = [ Wday Nday + Weve Neve + Wnight N night ] E/EO(SGQ)

where N gay number of user-specified operations between 0700 and 1900 hours local time;
Nee number of user-specified operations between 1900 and 2200 hours local time;
N night number of user-specified operations between 2200 and 0700 hours local time;
Wa day-time weighting factor, either standard or user-defined (see Table 3-2 for

the standard weighting factors associated with a particular exposure-based
noise level metric);

Wae evening weighting factor, either standard or user-defined (see Table 3-2 for the
standard weighting factors associated with a particular exposure-based noise
level metric);

Wiight night-time weighting factor, either standard or user-defined (see Table 3-2 for

the standard weighting factors associated with a particular exposure-based
noise level metric); and

E/E,(seq) sound exposure ratio at an observer location due to a single flight-path segment
of aflight operation.

The weighted sound exposure ratio, associated with each flight-path segment of a flight operation is
computed iteratively and preserved.

The weighted sound exposure ratio due to an entire flight operation is then obtained by summing the
ratios associated with each segment in the flight. The weighted sound exposure ratio for the entire flight
operation, E/E.(witflt), is computed as follows:

n

E/E,(wiflt) = * EJE,(wiseg),

1=1

where ny, isthe number of segmentsin the three-dimensiona flight path.

The weighted sound exposure ratio for each flight operation in the airport case is then computed
iteratively and preserved.
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The weighted sound exposure ratio for all flight operations in the entire study case is then obtained by
summing the ratios associated with each operation. The weighted sound exposure ratio for all flight
operations in the study case, E/E (wtarpt), is computed as follows:

N

E/E (wtarpt) = ™ E/Eq(wiflt);

1=1

where ry, isthe number of flight operationsin the study case.

The mean-squar e sound-pressur e ratio associated with a specific exposure-based noise level metric
is computed by dividing the weighted sound exposure ratio for the related base metric, E/Ey(wtarpt), by
atime-averaging constant (AvQ..ns), €ither standard or user-specified. The time-averaging constants
for the standard exposure-based metrics were summarized in Table 3-2. Note that two of the
exposure-base metrics, L g and Lgpy, are true sound exposure levels, and they are not divided by a
time-averaging constant (or, equivalently, divided by 1).

The average or equivalent mean-square sound-pressure ratio, p%/py?, associated with an exposure-
based metric, is given by:

pAp.” = E/Eq(Wtarpt) / AVQoon

Thefinal step in the process is to convert p%/p,2 to its equivalent dB value. The dB value for a user-
specified, exposure-based metric due to all flight operations in an airport case is computed as follows:

Lew = 10 10gi] p?/p,° ] (dB)

Lo IS equivalent to either a standard exposure-based noise level metric or to a user-specified
exposure-based metric, depending upon the specific weighting factors and time-averaging constants
selected.

In addition to the above calculations, the single-event, unweighted sound exposure level, L(flt), for
each flight operation is also computed iteratively and saved for use in the time-above calculation (see
Section 3.10.1).

Laglfl) = 10 log] * EIE(s80),] (@)

3.8.2 Runup Operations

For the exposure-based noise metrics, the mean-square sound-pressure ratio due to a single runup
operation, denoted by the symbol p?/p,2(rnup), is computed as follows:
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[Leg + Alypy- LA+ DIR,,] /10
p*lpo(rnup) = 10

where,
Lp g unadjusted, L asmy OF LpnTsmx: 1N dB, resulting from the noise interpolation process
(see Section 3.2);

DIR,p; directivity adjustment, in dB (see Section 3.7);
and all other variables are defined in Section 3.8.1 above.

As isthe case with flight operations, each runup in the study case has associated with it a given number
of operations for the day, evening, and night-time periods. Also, depending upon the user-specified
metric, each time period may have aweighting factor, i.e., penalty, associated with it. The main
difference in computing an exposure-based metric for a flight operation as compared with a runup
operation, is that the runup also has associated with it a time duration.

The number of operations associated with each time period, coupled with the weighting factors and the
duration, are used to compute the weighted sound exposure ratio, denoted by the symbol E/E (wtrnup),
for asingle runup operation.

E/Eo(Wtrnup) = [ Wday Nday * Weve Neve + Wnight Nnight ] (t/to) p2/p02(rnup)

where,
t runup duration (seconds),
t, 1 second for L ogmy, Or 10 seconds for L pyrsmxs
and al other variables are defined in Section 3.8.1 above.

All subsequent steps required for computing exposure-based noise levels for runup operations are
identical to those described in Section 3.8.1 for aflight operation. Specificaly, the weighted sound
exposure ratio for each runup operation is computed iteratively and preserved. Eachratio isthen
arithmetically summed for al runup operations in the airport case, atime averaging constant is applied
and theratio is converted to a dB value.

3.9 Computation of Maximum Noise Level Metrics

This section discusses separately the computation of maximum noise level metrics for flight operations
(Section 3.9.1), aswell as for runup operations (Section 3.9.2) . To obtain the maximum noise level at
an observer location, the contribution from both flight operations and runup operations are considered.

For the computation of maximum noise level metrics at multiple observersin aregular grid, including the
base regular grid used in a single-metric and multi-metric contour analysis, the methodology described
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in Sections 3.1 through 3.7, as well as that described in Section 3.9, isrepeated iteratively. If the
terrain elevation enhancement is not invoked, the step of computing the acoustic impedance adjustment
for each observer iteration is skipped (Section 3.3). It is not necessary to repeat this step if the terrain
elevation enhancement is inactive because the observer's elevation, temperature, and pressure are the
same as at the airport.

3.9.1 Flight Operations
The maximum noise level due to a single flight-path segment, denoted by the symbol L ,..(Seg), is
computed as follows:
Lex(S89) = Lpg+ Alaps- LAAps+ DIRAp; (dB)
where,

Lp g unadjusted, L asmny OF LpyTs, in dB, resulting from the noise interpolation process (see
Section 3.2);

Alapy;  acoustic impedance adjustment, in dB (see Section 3.3);

LAp; latera attenuation adjustment, in dB (see Section 3.6);

DIR,p; directivity adjustment, in dB, which is applied only if the flight-path segment is part of
takeoff ground roll (see Section 3.7).

The maximum noise level associated with each flight-path segment in a flight operation is computed
iteratively and preserved.

The maximum noise level associated with each flight operation, L, (flt), is then determined by

performing aflight-segment by flight-segment comparison of L, (Seg) values, and preserving the largest
value associated with each flight. L, (flt) is computed as follows:

L) = MX] L yn(00) 1]

1=1
where ny, is the number of segments in the three-dimensiona flight path.

The maximum noise level associated with each flight operation in the airport case is then computed
iteratively and preserved.

The L, (flt) values are then grouped according to the time period within which they occur, day,
evening, or night.

The maximum noise level associated with each time period is preserved as follows.

67



INM 5.1 Technical Manual

Mgy

Lmax(ﬂt)(day,eve,night) = Max[ Lmax(ﬂt)l ]

1=1
where ry, isthe number of flight operations in the study case for a given time period.

Given three L, (flt) values, one for each time period, day, evening and night, the INM 5.1 user is given
the option to select atime period, either day, evening, or night, or any combination thereof, for which
the maximum noise level is to be determined.

I-max = Max[ Lmax(ﬂt)day Wday1 Lmax(ﬂt)eve Wevel Lmax(ﬂt)night Wnight) ]
where,
Max] ] function that returns the maximum of x noise level vaues;

L max(f1D) gy maximum noise level for the time period between 0700 and 1900 hours local
time;

L rax(fl)eve maximum noise level for the time period between 1900 and 2200 hours local
time;

Lmax(flDnigne ~ maximum noise level for the time period between 2200 and 0700 hours local
time;

Wa day-time weighting factor, either zero or unity, depending on whether that time
period should be considered by the Max function;

Wease evening weighting factor, either zero or unity, depending on whether that time
period should be considered by the Max function;

W oight night-time weighting factor, either zero or unity, depending on whether that time
period should be considered by the Max function.

L nax 1S €Quivalent to either the maximum A-weighted sound level, with Slow-scale exponential weighting
characteristics (L osmy), OF the tone-corrected maximum perceived noise level, with slow-scale
exponential weighting characteristics (Lpntsmy)- Lmax 1S €Xpressed in dB.

3.9.2 Runup Operations

The maximum noise level due to a single runup operation, denoted by the symbol L ,..(rup), is
computed as follows:

Lmax(fNUP) = Lp g+ Alapy- LAAps+ DIRAp; (dB)
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where DIR,p; isthe directivity adjustment, in dB (see Section 3.7); and all other variables are defined
in Section 3.9.1 above.

As isthe case with flight operations, the maximum noise level associated with each runup operation is
computed iteratively and preserved.

All subsequent steps required for computing maximum noise levels for runup operations are identical to
those described in Section 3.9.1 for aflight operation. Specificaly, the L, (rnup) values are grouped
according to the time period within which they occur, the maximum value for each time period is
determined, and the specific time period, or combination of periodsis selected for determining the
maximum level associated with runup operations.

3.10 Computation of Time-Above Metrics

This section discusses separately the computation of the time above a noise level threshold for flight
operations (Section 3.10.1), as well as for runup operations (Section 3.10.2). To obtain the time above
at an observer location, the contribution from both flight operations and runup operations are combined.

For the computation of time-above at multiple observersin aregular grid, including the base regular grid
used in a single-metric and multi-metric contour analysis, the methodology described in Sections 3.1
through 3.7, as well as that described in Section 3.10, is repeated iteratively. If the terrain elevation
enhancement is not invoked, the step of computing the acoustic impedance adjustment for each
observer iteration is skipped (Section 3.3). It isnot necessary to repeat this step if the terrain elevation
enhancement is inactive because the observer's elevation, temperature, and pressure are the same as at
the airport.

An important assumption inherent in time-above computations is that operations do not overlap in time,
i.e., user-specified operations occur in a seria fashion. However, if acase airport has multiple parallel
runways with operations occurring s multaneoudly, this assumption is invalid, and the computed time-
above metric will be larger than at the airport. In such instances the burden is on the user to define
operations in terms of an equivalent number of serial, or back-to-back operations, as compared with
average-annual day operations.

See Appendix E for aderivation of the general equation used for the time-above metricsin INM 5.1.
3.10.1 Flight Operations
The time-above metric due to a single flight operation is equal to the following:

TA(lt) = (4/B) t, 10 (Le® - Lma) 10 (10 (Lmax -1x)/20 _ 1y% [ 6Q (minutes)
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where,
t, constant value of 1 second for L o, or 10 seconds for Lgpy.

Ley  SOUNd exposure level, either L g or Lepy, for agiven aircraft and observer/flight-path
pair (dB);

Lo Maximum noise level, either L, OF LpnTsmx fOr @given aircraft and observer/flight-
path pair (dB);

Ly user-specified noise-level threshold, expressed in either A-weighted sound level or
tone-corrected perceived noise level (dB).

Each flight in the study case has associated with it a set number of operations for the day, evening, and
night-time periods, along with weighting factors. In the case of the TA metric, the weighting factors act
as binary switches, allowing the user to select/deselect specific time periods over which to compute TA.
The number of operations associated with each time period, coupled with the weighting factors, are
used to compute the weighted time-above value associated with a specific flight operation, TA (wtflt).

TA(Wtﬂt) = [ Wday Nday + Weve Neve + Wnight Nnight] TA(ﬂt) (minUteS)
where,

Ngy  number of user-specified operations between 0700 and 1900 hours local time;

Nae Number of user-specified operations between 1900 and 2200 hours local time;

Nnigne  NUMber of user-specified operations between 2200 and 0700 hours local time;

Wy,  day-time weighting factor, either zero or unity, depending on whether that time period

should be considered;

W.e. evening weighting factor, either zero or unity, depending on whether that time period
should be considered;

Wiign Night-time weighting factor, either zero or unity, depending on whether that time period
should be considered.

The weighted TA for each flight operation in the study case is computed iteratively and preserved.

The time-above metric for al flight operations in the entire study case is then obtained by summing the
TA(wtflt) values associated with each operation. The time above for all flight operationsin the study
case, TA, is computed as follows:

Mg

TA = " TA(wtflt), (minutes)

1=1
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where ry, isthe number of flight operationsin the airport case.

TA isequivaent to either the time above an A-weighted sound level (TAL,), or the time above a tone-
corrected perceived noise level (TALpy7), depending on the metric family selected, either the A-
weighted or the tone-corrected perceived. TA is expressed in minutes.

3.10.2 Runup Operations

The time-above metric due to a single runup operation is smply the portion of the runup time during
which the user-specified noise level threshold is exceeded by the runup noise. The time-above for a
runup operation is computed as follows:

ot when L, > L,

TAIMU) = 20 when L, #L,
where t isthe duration of the runup (minutes), and all other variables are defined in Section 3.10.1
above.

All subsequent steps required for computing time above for runup operations are identical to those
described in Section 3.10.1 for aflight operation. Specifically, the weighted TA for each runup
operation is computed iteratively and preserved. Each TA vaue is then arithmetically summed for all
runup operations in the study case.

3.11 Single-Metric vs. Multi-Metric Computations

The difference between single-metric and multi-metric contour computationsis relatively subtle.
Specifically, the weighting factors (W gz, W ever W rigne) @nd the time-averaging constants in the case of
exposure-based noise level metrics (AvQ.,.) are applied during different steps of the computation
process for single-metric as compared with multi-metric contour computations.

3.11.1 Single-Metric
For single-metric contour computations, the weighting factors and time averaging constants are known
prior to computations. As such, they are considered in the step-by-step computation processes
described in Sections 3.8 through 3.10.

3.11.2 Multi-Metric
For multi-metric contour computations, the weighting factors and time-averaging constants are not

known prior to computations, and as such, not considered in the initial computations described in
Sections 3.8 through 3.10. Instead, computations are performed independently within each time
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period, day, evening and night, and once complete, the INM 5.1 user is given the capability to apply
the weighting factors and time-averaging constants after the bulk of the computations are done.

The primary advantage of the multi-metric mode isthat it gives a user the flexibility to choose several
metrics within a particular noise family for computations, either the A-weighted or the perceived noise
family, without having to re-run the majority of the computations. In other words, once a multi-metric
contour computation within the A-weighted family of metrics completed, a user has the ability to display
the noise level contours for any one or al of the metrics within the A-weighted family.

However, there are two disadvantages to multi-metric contour computations: (1) the initial set of bulk
computations tend to be a bit slower as compared with those for the single-metric computations,
primarily because the single-metric computations have an additional time-saving feature which is
discussed in detail in Section 4.2, i.e., the low/high contour cutoff test; and (2) there are some inherent
differences associated with this method when computing other than exposure-based noise level
contours. These differences have to do with the way noise significance testing is done, and they are
described in Chapter 4.
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4 RECURSIVELY-SUBDIVIDED IRREGULAR GRID
DEVELOPMENT

As discussed earlier in Chapter 1, INM 5.1 computes the noise level or time-above in the vicinity of an
airport, and presents the results in either one of two formats: (1) the noise-level or time-above for a
regular grid of observers; or (2) a plot of contours of user-specified noise level or time-above. The
basic methodology presented in Chapter 3 describes the computation of noise level or time-above at a
single user-specified observer, or at an evenly-spaced, regular grid of observers, including the 17-by-
17-point regular grid of observers used in the development of the recursively-subdivided irregular grid,
required for a contour analysis. The development of the recursively-subdivided irregular grid requires
additional discussion.

In performing a contour analysis, INM 5.1 computes noise-level or time-above vaues for each
observer location in abase, 17-by-17 point regular grid, using the methodology described in Chapter

3. The program then uses the regular grid and information about the user-specified flight operations to
create a recursively-subdivided irregular grid of observers. The density of theirregular grid is afunction
of the user-specified contour accuracy.

The recursively-subdivided irregular grid information is then used to develop noise-level or time-above
contours using the United States Air Force's (USAF) NMPLOT Version 3.04 computer program.? In
NMPLQOT, acontour is constructed by (1) computing the Delaunay Triangulation of the grid points, (2)
finding a rough contour by drawing straight contour segments through each triangle in the triangulation,
and (3) smoothing the rough contour by using cubic splines under tension.*

NMPLOT isan integral component of the USAF's NOISEMAP suite of programs which is used to
predict noise in the vicinity of airports dominated primarily by military operations.® To a certain extent,
NMPLOT has become the standard contouring program in the transportation-related noise modeling
industry. In addition to INM and NOISEMAP, NMPLOT is also used to compute sound level
contours for the Federal Highway Administration's Traffic Noise Model (FHWA TNM®), which is
used for predicting noise in the vicinity of highways and for designing highway noise barriers.?®

* A detailed description of the NMPLOT algorithms eventually will be published in atechnical manua for NMPLOT
Version 4.0. For general information about NMPLOT, contact Wasmer Consulting viathe Wide World Web at

73



INM 5.1 Technical Manual

“http://ww.wasmerconsulting.com/nmplot.htm”. The NMPLOT manua will be available for downloading from this
site once the manual becomes available.

4.1 Determination of Noise/Time Significant Flight
Operations

Following the development of the 17-by-17 point regular grid, the first step in the process of developing
the recursively-subdivided grid is to determine which flight operationsin a study case are noise-
significant or time-significant at each observer location in the regular grid. The purpose of determining
significant flight operationsis to help reduce the run-time associated with an INM contour computation.

There are two separate tests performed by INM 5.1 to determine if aflight operation is noise-
sgnificant, arelative noise-level/time test, and aflight track proximity test. These tests are
performed for each observer location making up the base, 17-by-17-point regular grid. The
significance information is then used to guide the process of sub-dividing the base grid to improve
contour precision.

4.1.1 Relative Noise-Level/Time Test

In the relative noise-level/time test, al flight operations in an input case are sorted, high-to-low, on the
basis of their relative noise/time contribution to an observer location in the regular grid.

1 If the user specifies that a single-metric contour analysis be performed, the sorted list takes into
account the weighted operations associated with the specific metric.

If the user specifies that a specific group, or family of metrics, either the A-weighted sound level
or tone-corrected perceived noise-level family, be computed, the sorted list does not take into
account weighted operations, since they are not yet known. Instead, three sorted lists are
developed for operations occurring in the three time periods (day, evening, and night).

The total noise/time value at an observer location is computed by summing the sound exposure ratios or
time-above values due to al airport operations.

A "running" noise value is aso computed from the sorted list of flights beginning with the flight having the
largest contribution to the noise/time, and proceeding through the ordered list. The running noise/time
valueis continually compared with the total noise/time value at the observer location. When the running
value exceeds 97 percent of the total noise/time value, the running value is considered "complete”, and
all subsequent flightsin the sorted list are deemed noise-insignificant.

In the case of the exposure-based and time-above metrics, the 97 percent criterion guarantees that the
noise level iswithin 0.1 dB of the total, and that the time-above is within 3 percent of the total, i.e.,
relative to the total noise/time computed using dl flights. This processis also performed for maximum
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noise level metrics, but it results in extra steps because there is only one maximum at an observer, not
an ordered list of maxima. However, it has no effect on the accuracy of the computations.

4.1.2 Track-Proximity Test

Additiondly, atrack proximity test is used on dl flights that are noise-insignificant. The flight-track
proximity test uses the diagonal distance between points (e.g., the distance between points A and | in
Figure 4-1) in the base, 17-by-17-point regular grid as an acceptance criterion for the test. If aflight
track is within the diagonal distance of the regular grid point being tested, then al flight operations on
that track are re-instated as noise/time-significant. In INM 5.0 and latter versions, the diagonal
distance is a dynamic function of the user-defined case analysis window.

4.2 Grid Development

To generate the recursively-subdivided grid in INM 5.1, the 17-by-17 point regular grid is split into 64
grid working areas, each containing nine observer locations. The distance between observersisa
function of the user-defined case analysis window (e.g., for awindow that is 100,000-by-100,000 ft,
the distance between adjacent pointsis 6250 ft, or approximately one nautical mile, i.e., 100000/ (17
- 1).

4.2.1 Low/High Contour Cutoff Splitting Test

To speed up the grid-devel opment process for single-metric contour analyses, a low/high cutoff
contour test is performed for al 64 working areas in the 17-by-17 point regular grid.

Thistest determinesif dl nine noise-level or time-above values within a given working area are
sufficiently below/above the user-requested minimum/maximum contour levels. If thisis the case, then
further computations are unnecessary, and splitting of the working areais not performed. Similar to the
above two noise significance tests, the primary purpose of thistest isto improve runtime.

4.2.2 Tolerance and Refinement Splitting Tests
The splitting test used to develop the recursively subdivided irregular grid begins with a comparison of
known values at regular grid-point observers in the nine-point working area, and linearly interpolated

values at the same observers.

If the interpolated values are within a certain, user-specified tolerance of the known values, or the user-
specified refinement level has been achieved, then no splitting is performed.

75



INM 5.1 Technical Manual

1 The user-specified tolerance or accuracy is a value, expressed in dB or minutes, greater than
0.0. The default tolerance valuein INM 5.1is 1.0 (dB or minutes).

The refinement level is a user-specified integer between 4 and 18, where 4 represents one level
of subdivision of the 17-by-17 point base grid, and each subsequent refinement level represents
an additiond level of subdivision. The default refinement level in INM is 6, i.e., three levels of
subdivision.

If the user specifies that a single-metric contour analysis be performed, the comparison between linearly
interpolated values and known values takes into account the weighted operations associated with the
specific metric.

If the user requests that a multi-metric contour analysis be performed, the comparison does not take
into account weighted operations, since they are not yet known. In fact, the comparison isfirst
performed for three temporary base grids, each representing the noise/time associated with the day,
evening and night time periods separately. If the tests performed on any of the three temporary base
grids warrant a split in a given working area, then the split is performed in a permanent version of the
base grid. The splitting of the base grid in the case of multi-metric contour computations is established
using the sound exposure metrics in each family, either L 5¢ or Lgpy, Since the specific user-desired
metric is not known at the time of the test.

Due to the difference between splitting tests, it is possible that a sSingle-metric contour analysis, as
compared with a multi-metric anaysis, will yield dightly different maximum-level and time-above
contours for identical input cases. In such instances, the contours generated by the single-metric
analysis may be more accurate.

For the example nine-point working area shown in Figure 4-1 (points A through I), splitting proceedsin
the following manner:

Point B value is determined through linear interpolation of the values at Points A and C;
Point E value is determined through linear interpolation of the values at Points A and [;
Point D value is determined through linear interpolation of the values at Points A and G.

The difference between the linearly interpolated values at points B, E, and D, and the known values at
each of these points is then computed. If any of the absolute differences are greater than the
user-specified tolerance, then the rectangle formed by points A, B, E, and D is subdivided, and points
V, W, X, Y, and Z are created (note that point V is halfway between points A and B, point W is
halfway between points A and D, €tc).

The noise-level or time-above at pointsV, W, X, Y and Z is then computed using the methodology of
Chapter 3, taking into account only the noise-significant flight operations associated with the closest
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regular grid points. For example, since point V is exactly halfway in between points A and B, the
noise-significant flights associated with both points are used in the computation.

The above process continues iteratively until either the user-specified tolerance level or refinement level
is achieved.
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Figure 4-1: Grid Area Used for the Generation of Contours

When the single-metric process is complete for al 64 working areas, the point locations and associated
noise-level or time-above values are saved in apair of binary files, GRID and CONTOUR. Thesefiles
are further processed to produce the binary file, NMPLOT.GRD. Thisfileis used by the NMPLOT
3.04 computer program for contour generation.
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Appendix A: EXAMPLE FLIGHT PATH FILE

The following example file shows data that are passed from the flight path calculation module to the noise calculation
5.1 FLIGHT.PTH file.

HEADER (study and case static data)

case_id = F:\ 1 NMb\ EXAMPLES\ TEST411\ BASECASE

aprt | at = 143533.00 (airport latitude, sec north)
aprt _long = -270882.00 (airport |ongitude, sec west)
aprt_el ev = 0.00 (airport elevation, ft)

aprt _tenp = 59.00 (airport tenperature, F)
aprt_press = 29.92 (airport pressure, in-Hg)
ta_thresh = 85.00 (time-above threshol d, dB)
rs_refine =6 (refinenent paraneter)

rs_toler = 1.00 (tol erance paraneter, dB)
run_type =S (case run type = single-netric)
metric_id = DNL (noise netric to conpute)
fq_type = A (noise famly = A-wei ghted)
metric_type = E (metric type = exposure)
nmetric_wei ght = 1.00, 1.00, 10.00 (day, evening, night ops)
metric_tine = 49. 37 (10 log( T/1s), dB)

mn_| evel = 55.0 (m ni mum contour cutoff, dB)
max_| evel =85.0 (maxi mum contour cutoff, dB)
do_contour _grid =1 (yes)

do_standard _grids =1 (yes)

do_detailed grids =1 (yes)

do_netric =0, 0, 0, 0,0 1, 2, 1, 0, 0, O, 0, O (CNEL=nO DNL=no etc.)
do_terrain =0 (no)

terrain_file = (none)

nunb_noi se = 110 (nunber of noi se curves)

nunb_acft = 80 (nunber of flight+runup operations)

nunb_grid =3 (nunber of grids)
nunb_pop_pts =0 (nunber of popul ati on points)
nunb_| oc_pts =0 (nunber of locations points)

NO SE (index, thrust, type, 10 SEL & EPNL val ues, 10 LAMAX & PNLTM val ues)

0O 30000 N 96.6 92.8 89.8 86.8 81.8 75.4 71.0 65.6 59.2 52.2
96.9 90.2 85.6 80.6 72.8 64.3 58.1 51.2 43.3 34.8
1 6000.0 N101.8 98.0 95.1 92.0 87.0 80.9 76.2 70.8 64.4 57.4
101.1 94.4 89.8 84.8 77.0 68.5 62.3 55.4 47.5 39.0
2 8000.0 N 106.3 102.6 99.7 96.7 91.7 857 81.1 75.8 69.6 62.8
106.1 99.4 94.8 89.8 82.0 73.6 67.5 60.6 52.9 44.6
3 10000.0 N 111.0 107.2 104.5 101.5 96.6 90.6 86.1 81.0 74.9 68.3
111.2 104.5 99.9 95.0 87.2 78.8 72.8 66.1 58.5 50.5
4 12000.0 N 115.8 112.1 109.4 106.5 101.6 95.8 91.3 86.2 80.4 74.1
116.6 109.9 105.3 100.4 92.5 84.3 78.4 71.7 64.4 56.6
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5 14000.0 N 121.1 117.4 114.8 112.0 107.1 101.4 97.0 92.1 86.4 80.4
122.1 115.4 110.8 106.0 98.1 89.9 84.1 77.6 70.4 62.9

(... and so on for nore noi se i ndexes)
Al RCRAFT OPERATI ONS (runup and flight operation data)

0 (runup/flight operation index)

acft _id = 747200 (aircraft identifier)
eng_type =J (engine type = jet)
owner _cat =C (user category = commerci al)
op_type =R (operation type = runup)
nunmb_ops = 10. 0000, 0.0000, 0.0000 (day, evening, night)
frst_a nois = 24 (first A-weighted index, above in table)
nunmb_a_nois =5 (nunmber of A-weighted noi se curves)
frst_p nois = 29 (first perceived-wei ghted index)
nunmb_p_nois =5 (nunmber of perceived noi se curves)
nmodel _type =1 (attenuation nodel type, |=INM N=Noi semap)
runup_id =Rl (runup identifier)
poi nt = 0.0, 0.0 (runup pad x,y location, ft)
headi ng =93.0 (deg ccw from north)
t hr ust = 41996.5 (corrected net pounds per engine)
duration =1.0 (runup duration, sec)
1
acft _id = 727QL5
eng_type =J
owner _cat =C
op_type = A (approach)
nunb_ops = 19. 6000, 0.0000, 2.8000
frst_a nois =0
nunb_a_nois = 6
frst_p nois = 6
nunmb_p_nois = 6
nmodel _type =1
flt_path = AU3-09R-TRO (0) (path id = optype+profil e+trunway+track+(sub))
nunb_segs =21 (number of flight path segnents)
0 (flight path segment index)
start = -126404.5, -13175.6, 6000.0 (starting x,y,z point, ft)
uni t = 0.9834, 0.1754, -0.0454 (unit vector)
length = 6758. 2 (segnment length, ft)
speed = 273.5, -11.8 (speed, and change in speed, kt)
thrust = 809.2, 187.3 (thrust, and change in thrust, |b)
thrset = N (thrust setting type N=nornal A=afterburn)
1
start = -119758.2, -11989.8, 5692.9
uni t = 0.9834, 0.1754, -0.0454

length = 6758. 2

speed = 261.7, -11.8
thrust = 996.5, 187.3
thrset = N

start = -113111.9, -10804.1, 5385.8
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unit = 0.9834, 0.1754, -0.0454
length = 6758. 2
speed = 249.9, -11.8
thrust = 1183.9, 187.3
thrset = N
3
start = -106465.6, -9618.4, 5078.7
unit = 0.9834, 0.1754, -0.0454

length = 6758. 2

speed = 238.1, -11.8
thrust = 1371.2, 187.3
t hrset N

(... and so on for nmore path segments and flight operations)

GRIDS (grid definitions)

0 (grid index)

grid_id = C\R
grid_type = C (contouring w ndow grid)
origin = -50000, -50000 (lower-left corner x,y point,
angl e =0.0 (angle of I-axis from X-axis
delta_i,j = 100000, 100000 (distances between grid points,
nunmb_i,j =2, 2 (nunmber of points in | and J directions)
0 x,y = -50000, -50000 (list of x,y points in the grid
1 x,y = -50000, 50000
2 x,y = 50000, -50000
3 x,y = 50000, 50000
1
grid_id = D01
grid_type = D (detailed grid)
origin = 11000, 3000
angl e =0.0

delta_i,j =0, O
numb_i,j =1, 1
0 x,y = 11000, 3000

2
grid_id = S01
grid_type = S (standard grid)
origin = -3000, 1500
angl e =0.0

delta_i,j = 1000, 700
numb_i,j =2, 3

0 x,y = -3000, 1500
1 x,y = -3000, 2200
2 x,y = -3000, 2900
3 x,y = -2000, 1500
4 x,y = -2000, 2200
5 x,y = -2000, 2900

PCPULATI ON PO NTS
(x,y list goes here)
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LOCATI ON PO NTS
(x,y list goes here)
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Appendix B: CLOSEST POINT OF APPROACH AND SLANT

RANGE PARAMETERS

This Appendix describes the method utilized by INM 5.1 to compute: (1) the closest point of approach
on aflight-path segment, or an extended flight-path segment, to an observer; and (2) the slant range
from an observer location to the closest point of approach.

Figures B-1 through B-3 present, respectively, the observer/flight-segment geometry for the three
general INM cases: (1) the observer is behind the flight-path segment; (2) the observer is astride the
flight-path segment; and (3) the observer is ahead of the flight-path segment. The variables shown in
these figures are defined as follows:

PsP

SLRyp

CPA

SLRy,

The observer point.
The start-point of the flight-path segment.
The 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 observer. The specific definition
depends on the position of the observer relative to the flight-path segment.

The 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.

The vector from the start of the flight-path segment to the observer. It hasaminimum
length of 1 ft.

The vector from the end of the flight segment to the observer. It has a minimum length
of 1ft.

The perpendicular vector from the observer to PCPA on the flight-path segment, or the
extended flight-path segment. It has a minimum length of 1 ft.

*PP*, the length of the perpendicular vector from the observer to PCPA on the flight-
path segment, or the extended flight-path segment. It has a minimum value of 1 ft.

The length of the flight-path segment (ft). It has a minimum value of 10 ft.
The point on the flight-path segment, not the extended flight-path segment, which is the

closest point of approach to the observer. The specific definition depends on the
position of the observer relative to the flight-path segment.

The length of the vector from the observer to CPA on the flight-path segment, not the
extended flight-path segment. It has a minimum value of 1 ft.
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Figure B-1: The Closest Point of Approach and Slant Range for an Observer Behind a Segment
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Figure B-2: The Closest Point of Approach and Slant Range for an Observer Astride a Segment
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Figure B-3: The Closest Point of Approach and Slant Range for an Observer Ahead of a Segment
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The components of the flight-segment unit vector, u, are derived from the components of the flight-
segment vector, P,P,, and its length, L = *P,P,*, as follows:

u=PP,/L

The relative distance value, g, is computed from the scalar product of two vectors, the vector P;P, from
the start of the flight-path segment to the observer, and the flight-segment unit vector, u, as computed
above. giscomputed asfollows:

q=PPlu

g isthe relative distance from point P, at the start of the flight-path segment to point Pg, the
perpendicular closest point of approach (PCPA) on the flight-path segment, or the extended flight-path
segment.

The value of g isdirectly related to the location of the PCPA. It aso determines the location of the
observer point, P, with respect to the flight-path segment. The three possible configurations of
observer and flight-path segment, indicated by the value of ¢ are as follows:

(1) If the value of q is negative, then the PCPA is located on the extended flight-path segment,
prior to the start of the segment. The corresponding observer location, P, is behind the flight-
path segment.

(2) If the value of q is zero or positive but not exceeding the length, L, of the flight-path segment,
then the PCPA islocated on the flight-path segment between its start and end. The
corresponding observer location, P, is astride the flight-path segment.

(3) If the value of q is positive and exceeds the length, L, of the flight-path segment, then the PCPA
is located on the extended flight-path segment, beyond the end of the segment. The
corresponding observer location, P, is ahead of the flight-path segment.

For each of the three configurations of the observer relative to the flight-path segment, the following five
variables are computed:

(2) The distance along the flight-path segment, das, from the start of the segment at point P; to
CPA. Depending on the value of g, i.e., the relative geometry between the observer and the
flight-path segment, d,s takes on the following values:

-0 g<o, observer behind segment
dps = 1 q=*P, Ps* O#q#L,  observer astride segment
<L g>L, observer ahead of segment

das I1s computed using the value of g and the unit step function, u(t), as follows:

87



INM 5.1 Technical Manual

(2)

(3)

(4)

(5)

dhs = qu(a)- (9-L) u(g-L)
where u(t) is the unit step function having the following property:

0 t<O
W= w1 g0
The closest point of approach, CPA, on the flight-path segment, but not the extended flight-

path segment. Depending on the value of g, i.e., the relative geometry between the observer
location and the flight-path segment, CPA takes on the following values:

Py g<0, observer behind segment
CPA = i Ps=P,+q(P,P,/L) O#q#L,  observer astride segment
<P, q>L, observer ahead of segment

CPA is computed using the value of d,s, computed above, as follows:
CPA = P, +dxs (P,P,/L)
The slant range, SL R, Which isthe length of the vector from the observer location, P, to

CPA. Depending on the value of g, i.e., the relative geometry between the observer and the
flight-path segment, SL R, takes on the following values:

D*PPF =1, q<o0 observer behind segment
SLRyy = D *PsP* = (r,2- ¢?)% OH#q#L observer astride segment
<*P,P*=r, q>L observer ahead of segment

SL Ry is computed using the value of g and the unit step function, u(t), as follows:

SLRey = { [ 1- u(@]+[r®- a*][u(e)- u@-L)]+r?* [u(@-L)]}*
SLRey = { 1i*- q?u(g) +[r’- (n?- ¢*)]u(g-L)}"*

SLRgq has aminimum vaue of 1 ft.

The perpendicular closest point of approach, PCPA, on the flight-path segment, or the
extended flight-path segment, is computed as follows:

PCPA = Ps = P+ (PP,/L)

The dant range, SLR,,, the length of the perpendicular vector from the observer location, P, to
PCPA, is computed as follows:
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SLRyn = *PsP* = (1~ ¢?)”
SLR, has aminimum value of 1 ft.

The variables d,s, CPA, SLRy,, PCPA, and SLR,,, are summarized below for the three general
configurations of an observer and aflight-path segment:

(1) The observer is behind the flight-path segment, g < O:

das = quU(Q)- (@-L)u@-L) =0
CPA = Py +das(PiP,/L) = Py

SLRgy = Max{ r2- q?u(q) +[r2- (r2- q?)]u(@- L)}* 1) = Max(ry, 1)
PCPA = P, +q(P,P,/L) = Ps

SLRy, = Max(*PsP*, 1) = Max({ r2- ¢?}*, 1)

(2)  Theobserver is astride the flight-path segment, 0 # q # L:

das = qu(a)- (-L)u(@-L) =q

CPA = P, +ds(PP,/L) = PL+q(P,P,/L) = Pg

SLRey = Max({ ri®- q?u(d) +[r?- (ri®- ¢®)Ju(@-L)}* 1) = Max({r®- ¢*}* 1)
PCPA = P, +q(P,P,/L) = CPA = Ps

SLRyn = Max(*PsP*, 1) = SLRyy = Max({ r*- ¢?}*, 1)

(3) The observer is ahead of the flight-path segment, q > L:

das = qu(a)- (-L)u(q-L) =1L

CPA = P, +d,s(PP,/L) = P,

SLReg = Max({ 1i- q?u(@) +[ro*- (- ¢®)Ju(@-L)}* 1) = Max(ry 1)
PCPA = P,+q(P,P,/L) = Ps

SLRyn= Max(*PsP*, 1) = Max({r?- g*}* 1)
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Appendix C: ACOUSTIC IMPEDANCE ADJUSTMENT

The vast mgjority of the noise level datain the INM database were derived from data originaly
measured during aircraft noise certification tests conducted in accordance with Federal Aviation
Regulation, Part 36, "Noise Standards: Aircraft Type and Airworthiness Certification” (FAR Part 36).12
Section 36.5(c)(1) of FAR Part 36 states that the noise measurements must be corrected to the
following [homogeneous] noise certification reference atmospheric conditions:

(i) Sea level pressure of 2116 psf (76 cm mercury).

(ii) Ambient temperature of 77 degrees Fahrenheit (25 degrees Celsius).
(iii) Relative Humidity of 70 percent.

(iv)  Zerowind.

The concept of acoustic impedance (denoted by the symbol Dc) isused in INM to effectively correct
the reference-day NPD data to the off-reference, non-sealevel conditions associated with the user-
specified case airport.

Acoustic impedance, which is a function of temperature, atmospheric pressure, and indirectly altitude
for the purposes of INM computations, is defined as the product of the density of a medium (in this
case air) and the speed of sound in that medium. Noise level data originally measured at reference-day,
sea-level conditions can be corrected to any airport-specific temperature and pressure by adjusting for
the deviation in acoustic impedance of air at the airport from a reference-day impedance of 409.81
newton-seconds/m®. An acoustic impedance of 409.81 newton-seconds/m?® corresponds to reference
atmospheric conditions as defined by FAR Part 36.

Harris® and Beranek® both contain empirical curves which present the acoustic impedance adjustment
as a function of temperature and atmospheric pressure (see Figures C-1 and C-2). These curves can
be used to obtain a general sense for the magnitude and direction of the adjustment. However they are
not appropriate for correcting INM NPD data since the curves are referenced to an acoustic
impedance of 406 and 400 newton-seconds/m?, respectively, not the 409.81 newton-seconds/m®
associated with reference-day conditions.

In most practical acoustic computations, the effect of varying acoustic impedance can be neglected. As
can he seen from Figures C-1 and C-2, the adjustment is relatively small (usualy less than afew tenths
of adB) unless there is a significant variation in temperature and atmospheric pressure relative to
reference-day conditions.

However, since INM is used worldwide, and several international, as well as afew national airports are
located thousands of feet above mean sea level, there are instances where the adjustment can be fairly
substantial. Asan example, take Denver Internationa Airport, which is at an elevation of
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approximately 5000 ft: assuming a temperature of 70°F and an atmospheric pressure of 29.92 in-Hg,
an acoustic impedance adjustment of - 0.77 dB is required to correct the NPD data to airport conditions.
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Figure C-2: Acoustic Impedance Adjustment re. 400 newton-second/m?®
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To compute the acoustic impedance adjustment to be added to INM NPD data, the following equation
IS used:

Alnp; = 10log,[ Dc/409.81 ] (dB)

where,
Dc = 416.86[ * / 212]
* = [(518.67 - 0.003566 A )/518.67]3%% + [ P- 29.92]/29.92
2 = [459.67 + T - 0.003566 (A - E)]/518.67

The variables in the above equations are defined as follows:
Alp; acoustic impedance adjustment to be added to noise level datain the INM NPD
database (dB);
Dc acoustic impedance at observer atitude and pressure (newton-seconds/mq);

* ratio of atmospheric pressure at observer atitude to standard-day pressure at sealevel,
with an adjustment term added to take into account non-standard pressure;

observer atitude MSL (ft);
airport pressure MSL (in-Hg);

A
P
2 ratio of airport temperature to standard-day temperature at sea level;
T airport temperature (°F);

E

arport elevation MSL (ft).

The aforementioned Harris and Beranek references concisely explain the above adjustment in their text,
which relate sound intensity and sound pressure. In afreefield for plane waves or spherical waves, the
sound pressure and particle velocity are in phase, and the magnitude of the intensity (power per unit
areq), in the direction of propagation of the sound waves, is related to the mean-square sound pressure
by the following equation:

| = p?/Dc

where,
I sound intensity (power per unit area);
p? mean-square sound pressure;
Dc  acoustic impedance of the propagation medium.
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Two sound intensities at a given distance from a given acoustical power source, one measured under
actual conditions (no subscript), and the other measured under reference-day conditions (“ref”
subscript), are equal:

p?/Dc = p%g/ Deg

Therefore, by rearranging the above equation and dividing by a constant p, = 20 nPa:
P?/ps* = (P’ [ Po*) (Dc/ Dee)

This equation can be converted to its equivalent dB relationship as follows:

10logy[ p?/ ps’] = 10logy[ PP/ Ps’] + 10loge[ Dc/ Deyy |
L = L + 10log Dc/ De] (dB)

where, in general terms asiit relates to INM:
L corrected NPD dB level;
Lo« NPD dB level inthe INM database for reference-day conditions;
10 log,o[ Dc/Dc,s ]  acoustic impedance adjustment, Al ap;.
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Appendix D: DERIVATION OF NOISE FRACTION EQUATION FOR
EXPOSURE-BASED METRICS

This Appendix presents a derivation of the noise fraction algorithm, which is used by INM 5.1 to
compute the fraction of exposure associated with a finite aircraft flight-path segment. It is based upon a
fourth-power, 90-degree dipole model of sound radiation, and is used exclusively for the computation
of exposure-based noise-level metrics.

The following derivation of the noise fraction algorithm assumes that the aircraft proceeds along a
graight flight path, pardlé to the ground, and of infinite length. It also assumes that the observer,
located at point P, is at a perpendicular distance, s, from the flight path. The geometry for this situation
is shown in Figure D-1.

q=-V———>
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et "
- P Fs co
8 |
r S
b
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Figure D-1: Observer/Flight-Path Geometry

where,
r distance from the observer at point P, to the aircraft at point P, (ft);

S perpendicular distance from the observer at point P, to PCPA at point P (ft);
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ol relative distance along the flight path from the aircraft at point P,, to PCPA at point Pg
(fo);

Vv true airspeed of the aircraft (ft/sec);

t, time at which the aircraft is located at point P, (seconds);

ts time at which the aircraft is located at PCPA, point P, (seconds);
time difference, t, minust, (seconds);

2 angle formed by the flight path and a connecting segment from the observer a point P,
to point P,

p, sound pressure generated by the aircraft at point P,;
Ps sound pressure generated by the aircraft at point P

The relative distance along the flight path, g, from point P, to point P, is computed from the scalar
product of two vectors: P,P, from the aircraft to the observer; and the unit vector, u, in the direction of
the flight path. ¢, is computed as follows:

g = PPiu = PPiPP/*PP*

Thevadueof ¢, ispostiveif theaircraft, at point P, islocated prior to PCPA, while the value of g is
negative if the aircraft is beyond PCPA.

The relative distance, g,, between Points P, and P, on the flight path can also be expressed in terms of
the true airspeed of the aircraft, v, and the time, J, required for the aircraft to move from point P, to P,
Ordinarily, the distance g, would simply be the product of the speed, v, and the time, J. However, this
isnot possible since J is negative, and the distance, ¢, has by definition a positive vaue when the
arcraft islocated before PCPA. Therefore, the distance ¢, is computed, in terms of speed and time,
asfollows:

qr:'v‘]

The exact noise fraction algorithm is derived from a fourth-power, 90-degree dipole time history model.
In this mode!, p,? is the mean-square sound pressure at the observer due to the aircraft, located at point
P,;and ps? isthe mean-square sound pressure at the observer due to the aircraft, located at PCPA,
point P,. The mean-square pressure, p,?, at the observer is expressed in terms of the mean-square
pressure, p2, at the observer, using the following equation:

P = pl(2Ir?)dn?2
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In this equation, the mean-square sound pressure for and airplane flying along a straight path is
determined by r? spherical spreading loss, and by a sine-squared function that accounts for a variety of
physical phenomena. These phenomena include frequency attenuation, which is accentuated in front of
the airplane due to Doppler shift, and sound refraction away from the hot gases behind the airplane.
The purpose of the sine-square term is to shape the skirts of the associated time-history curve to best fit
empirica data.’®

From the geometry in Figure D-1, the value of the perpendicular distance, s, expressed in terms of the
distance, r, and the angle, 2, is given by:

S =rsn2
therefore,
p? = pssn‘2.

Two reference points on the flight path, P; and P,, are chosen (see Figure D-2). These reference
points, arbitrarily located before and after the observer, define a segment of the flight path, having a
length, L. To determine the fraction of noise associated with this segment, the noise exposure for the
segment is computed, and then compared to the noise exposure for the entire flight path.

Figure D-2: Geometry for Generalized Noise Fraction Equation
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The total sound exposure for the flight-path segment, E,,, defined by points P, and P,, isthe integral
over time, J, of the mean-square sound pressure p,. E;, iscomputed as follows:

1],
E, = # p2dJ
IlJl
From Figure D-1, E,, can be derived in terms of the angle, 2, using the relationship between the
distance, g, thetime, J, and 2. The distance, g,, as defined above, is computed using speed and time,
asfollows:
Q = -V J
The perpendicular distance, s, is computed using ¢, and 2, as follows:
s = gtan2 = - vJtan2

Thetime, J, is computed using s and the angle 2, as follows:

= - (s/v)cot2
dJ = sd2/(vsn?2)

Assuming the speed along the flight-path segment, v, is constant, the total sound exposure associated
with the segment defined by Points P, and P,, in Figure D-2, is computed as follows:

1J,
Ep, = # p2dd
IIJl
12,
Ep, = # pl2dn*2(sd2)/(vsn?2)
||21
12,
Ep, =ps2(shv) # 9n?2 d2
||21
Eio = ps(s/2v)[2,- 2, +8n(2,- 2,) cos( 2, + 2;) ]

For an infinitely long flight path, with limitsof 2 = 0 to B radians, E is computed as follows:
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E = B(pZs/2v).

Therefore, the noise fraction associated with the finite flight-path segment is computed by dividing E;,
for the finite segment, by E for the infinite flight path, resulting in the following:

Fo = (UB)[2,- 2,+8n(2,- 2;)co8(2;+2,)]
Fo = (UB)(2,- 2,+sn2, cos2,- €n2,c0s2;)

where,
2, angle defined by: (1) the flight-path segment; and (2) a connecting segment from the
observer to the start of the flight-path segment;

2, angle defined by: (1) the extended flight-path segment; and (2) a connecting segment
from the observer to the end of the flight-path segment.

The above noise fraction, Fy,, is the generalized noise fraction equation, expressed in terms of the
angles 2, and 2,, while in Section 3.4, F;, is presented in terms of the angles N; and N,. To obtain
the noise fraction in terms of the angles N, and N,, Figures D-3 through D-5 are used to develop
geometric relationships between the two sets of angles.

Figures D-3 through D-5 present the observer/flight-segment geometry for the three general INM
cases: (1) the observer is behind the flight-path segment (g < 0); (2) the observer is astride the flight-
path segment (0 # g # L); and (3) the observer is ahead of the flight-path segment (g >L).
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Figure D-3: Geometry for the Noise Fraction of an Observer Behind a Flight-Path Segment

In the case where the observer is behind the flight-path segment, PCPA is located on the extended
flight-path segment at point P, (see Figure D-3). The following relationships between the angles 2 and
N are derived:
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N, = 2,- B/2
2, = B2+N,
N, = 2,- B/2
2, = B2+ N,

Substituting in the above relationships, the equation for the noise fraction, F,,, expressed in terms of the
angle N, is given by the following:

Fio = (UB)[2;- 2, +8in(2;- 2;) cos(2,+2;) ]

Fio = (UB)[N;- Ny- sn(N;- Np) cos(N; + Ny)]

Fio = (UB) (N,- N; +snN,cosN,- snN, cosN; )

where,
N, angle defined by: (1) the segment connecting the observer to PCPA on the extended

flight-path segment; and (2) the segment connecting the observer to the start of the
flight-path segment, i.e., CPA;

N, angle defined by: (1) the segment connecting the observer to PCPA on the extended
flight-path segment; and (2) the segment connecting the observer to the end of the
flight-path segmen.

Theangles N; and N, are defined as follows:
N, = dnt*q/r* (radians)
N,

snt*(L-q)/r,* (radians)

In the case where the observer is astride the flight-path segment, PCPA is located on the flight-path
segment at point P, (see Figure D-4). The following relationships between the angles 2 and N are
derived:

N, = Bi2- 2,
2, = Bl2- N,
N, = 2,- B/2
2, = B2+ N,

Substituting in the above relationships, the equation for the noise fraction, F,,, expressed in terms of the
angle N, is given by the following:

103



INM 5.1 Technical Manual

Fio = (UB)[2;- 2,+sin(2,- 2,) cos(2;,+ 2,) ]

Figure D-4: Geometry for the Noise Fraction of an Observer Astride a Flight-Path Segment

Fio = (UB)[ Ny+ N,+sin(N;+ N,) cos(N,- N;)]
Fi, = (UB) (N;+ N,+snN; cosN; +snN, cosN,)

where,
N,

N,

angle defined by: (1) the segment connecting the observer to PCPA on the flight-path
segment; and (2) the segment connecting the observer to the start of the flight-path
segment;

angle defined by: (1) the segment connecting the observer to PCPA on the flight-path
segment; and (2) the segment connecting the observer to the end of the flight-path
segment.

and N, aredefined asfollows:

snt*q/r* (radians)
snt*(L-q)/r,* (radians)

In the case where the observer is ahead of the flight-path segment, PCPA islocated on the extended
flight-path segment at point P, (see Figure D-5). The following relationships between the angles 2 and

N are derived:
N, = B/2- 2,
2, = Bi2- N,
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N, = B/2- 2,
2, = Bl2- N,

Figure D-5: Geometry for the Noise Fraction of an Observer Ahead of a Flight-Path Segment

Substituting in the above relationships, the equation for the noise fraction, F,,, expressed in terms of the
angle N, is given by the following:

Fo = (UB)[2;,- 2, +8n(2,- 2,) cos(2,+ 2,) ]

Fio = (UB) [Ny~ N;- sn(N,- N;)cos(N,+ N;)]

Fio = (B) (N, - N,+ snN; cosN; - snN, cosN,)

where,
N, angle defined by: (1) the segment connecting the observer to PCPA on the extended

flight-path segment; and (2) the segment connecting the observer to the start of the
flight-path segment;

N, angle defined by: (1) the segment connecting the observer to PCPA on the extended
flight-path segment; and (2) the segment connecting the observer to the end of the
flight-path segment, i.e., CPA.

Theangles N, and N, are defined as follows:
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N, =snt*q/r* (radians)

N, =snt*(g-L)/r,* (radians)
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Appendix E: DERIVATION OF TIME-ABOVE EQUATION

This Appendix presents a derivation of the time-above algorithm, which is used by INM 5.1 to
compute the time, in minutes, that a user-specified noise-level threshold is exceeded at a given observer
location. Like the noise fraction equation used in INM for exposure-based metrics, it is based on a
fourth-power, 90-degree dipole model of sound radiation.

The following derivation of the time-above a gorithm assumes that the aircraft proceeds along a straight
flight path, parallel to the ground, and of infinite length. It also assumes that the observer, located at
point P, is at a perpendicular distance, s, from the flight path. The geometry for this Situation is shown
in Figure E-1.
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Figure E-1: Observer/Flight-Path Geometry
where,
r distance from the observer at point P, to the aircraft at point P, (ft);
S perpendicular distance from the observer at point P, to PCPA at point P (ft);

ol relative distance along the flight path from the aircraft at point P,, to PCPA at point P,
(ft);
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Y true airspeed of the aircraft (ft/sec);

t, time at which the aircraft is located at point P, (seconds);

ts time at which the aircraft is located at PCPA, point P, (seconds);
the time difference, t, minus t; (seconds);

2 angle formed by the flight path and a connecting segment from the observer a point P,
to point P,

p, sound pressure generated by the aircraft at point P,; and
Ps sound pressure generated by the aircraft at point P
The relative distance along the flight path, g, from point P, to point P, is computed from the scalar

product of two vectors: P,P, from the aircraft to the observer; and the unit vector, u, in the direction of
the flight path. ¢, is computed as follows:

PPiu
PP{ PP,/ *PPx

Or
O

Thevalue of g, is positiveif the aircraft, at point P,, islocated prior to PCPA, while the value of g, is
negative if the aircraft is located beyond PCPA.

The relative distance, g, between points P, and P, on the flight path can aso be expressed in terms of
the true airspeed of the aircraft, v, and the time, J, required for the aircraft to move from point P, to P,
Ordinarily, the distance g, would simply be the product of the speed, v, and the time, J. However, this
isnot possible since J is negative, and the distance, g, has by definition a positive vaue when the
arcraft is located before PCPA. Therefore, the distance g, is computed, in terms of speed and time, as
follows:

Q- = -vJ

The time-above agorithm, similar to the noise fraction algorithm, is derived from a 4th-power, 90-
degree dipole time history model. In this model, p? is the mean-square sound pressure at the observer
due to the aircraft, located at point P, ; and p.? is the mean-square sound pressure at the observer due
to the aircraft, located at PCPA, point P, The mean-square pressure, p,2, at the observer is expressed
in terms of the mean-square pressure, ps2, at the observer, through the following equation:

P = psl(s/r?)sn?2

Aswas discussed in Appendix D, this equation accounts for a variety of physical phenomenawhich
effect aircraft noise generation, and represents a best fit to empirical time-history data.
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From the geometry in Figure E-1, the value of the distance, r, expressed in terms of the perpendicular
distance, s, and the distance, q,, is given by:

2 = £+q2

r’= g2+ (-vJ)?
Also,

sn2 =s/r

Therefore, the mean-squared pressure ratio, p,2/ps2, is given by:

plpZ = ($?/r?)sn?2

plps = stirt
pllps = st [+ (WJ)?]?
pPlps® = 1/ 1+ (vI/9)*)?

The sound exposure over the entire flight path, E, is computed as follows:

14 14
E = ﬁ_pﬁ dJ = psz #_(ErZ/ pSZ) dJ
14
E= p2 #dJ/[1+(vl/9)?]?
"4
14
E =

= (23V) B ¢ dvdis) 1 1+ (vII9)?2 ]2
0
E = (%2Bsdv)ps

The effective time duration of the event, )t,, is defined as the factor (2B s/v), which multiplies ps2.
Thus, the mean-squared pressure ratio, p,?/ps2, can be written in terms of the effective time duration:

pilp? = 1/[1+(%2BJ/)t)* ]
The sound exposure level that is associated with the flight path is defined as follows:

Lexp = 10 loglo[ E/ Eo] (dB)
10 |Oglo[ (p32 )te) / (po2 to) ] (po = 20 - Paa to =1sor 103)

Lexp
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L@(p =10 |0910 (pslpo)2 +10 IOglO ()te/to)
Lmax +10 |0glO () te/ 1:o)

Lexp

Therefore, the effective time, )t,, can be computed in terms of the sound exposure level and the
maximum noise level by:

)te - to 10(Lexp—Lmax)/lO

where,
t, constant value of 1 second for L o, or 10 seconds for Lgpy;
Lep  sound exposure level, either L g or Lepy, for agiven aircraft and observer/flight-path
pair (dB);
L Maximum noise level, either L gy OF Lpntsmx fOr @ given aircraft and observer/flight-
path pair (dB).

From Figure E-2, the following definitions apply:

Py root-mean-square pressure due to the aircraft at point Py;

L, user-specified noise-level threshold;

Oy relative distance aong the flight path from point Py to point P, i.e, the point on the flight
path assumed to be associated with the maximum noise level;

J magnitude of the time difference between timet, and time ..
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Figure E-2: Time-Above for an Observer Opposite a Flight Path

Thetime, )t,, during which the noise level at any point on the flight path exceeds the noise-level
threshold, L,, is the time required to move twice the distance, q,, from point Py to point P, or twice the
vaueof J; thus:

J=)t/2

From above, the mean-squared pressure ratio at any point P, on the flight path, using the 90-degree-
dipole time-history model is given as.

pilps? = 1/[1+(%BJ/)t)* ]

The mean-squared pressure ratio at the noise-level threshold point, Py, is then computed by substituting
p, for p, and )t /2 for J into the equation, resulting in:

pleps =1/ [ 1+ ( = )tx/)te)2 ]2
After solving for the time-above, )t,, the following equation is obtained:
)tx = (4/B) )te( ps/px - 1)1/2

Since the following definitions apply, L. = 20 10go[ps/Po] @and L, = 20 10gio[Px /Pal s
the root-mean-squared pressure ratio can be written as.

ps/p - 10(Lmax -Lx)/20
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Therefore,
)tx = (4/B) )te (10 (Lmax-Lx)/20 1)1/2 (Lx < I—max)

Since the effective timeis )t, = t, 10 (L& -Lma)/10 the time-above a user-specified noise level in
minutes, )t, min, iS computed as follows:

)tx,min - (4/8) t, 10 (Lewp - Lmax)/ 10 (10 (Lmax -Lx)/20 _ 1)1/2 / 60 (minutes)

where,
t, constant value of 1 second for L o, or 10 seconds for Lgpy.

Ley  SOUNd exposure level, either L g or Lepy, for agiven aircraft and observer/flight-path
pair (dB);

L Maximum noise level, either L gy OF Lpntsmx fOr @ given aircraft and observer/flight-
path pair (dB);

L, user-specified noise-level threshold, expressed in either A-weighted sound level or
tone-corrected perceived noise level (dB).
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