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Executive Summary

Laterd atenuation in the Federal Aviation Adminigration’'s (FAA) Integrated Noise Modd (INM) has
been based on the methods described in the Society of Automotive Engineers (SAE) Aerospace
Information Report (AIR) 1751. Released in 1981, SAE AIR 1751 isfounded on data measured in the
1960s and 1970s. These measurements were dominated by the Boeing B-727 aircraft and were
conducted over acoudticaly soft ground. Long-term measurementsconducted with airport noisemonitoring
equipment have shown that the lateral attenuationagorithmsin SAE AIR 1751 tend to under-predict the
noise generated by modern aircraft.

The Nationa Aeronautics and Space Administration (NASA), Langley Research Center (LaRC),
sponsored the Acoustics Facility at the United States Department of Trangportation’s John A. Volpe
Nationa Trangportation Systems Center (V olpe) and the Massachusetts Indtitute of Technology (MIT) to
conduct a noise measurement study at Logan Internationd Airport in Boston, Massachusetts, during the
summer of 1999 to examine the gpplicability of currently avalable mathematica models of lateral
attenuation. LoganAirport was chosenfor this study because of the availability of measurement locations
for which the sound propagation path from the aircraft was primarily over water (an acousticdly hard
surface). The study focused on departures from asingle runway. Measurements were conducted at three
locations: under the flight path dong the projected runway centerline, approximately 1,000 feet from the
projected runway centerline, and approximately 3,000 feet from the projected runway centerline.

The measurements were conducted using equipment capable of continuoudy recording arcraft noise
gpectraand position throughout the flight segment of interest. Equipment to perform this task consisted of
gpectrum andyzers, digital audio tape recorders, meteorological instruments, video tracking equipment,
survey equipment, and other supporting equipment.

The data collected when aircraft were at the closest point of approach to each of the microphones were
subjected to further analysis. These collected data were corrected for spherical spreading, atmospheric
absorption, and ground reflection. The corrected datawere then compared to datacollected at areference
microphone. The difference between the corrected data and the reference data was termed “residua”,
sometimes referred to as “engine inddlation effect”.

The conclusons of the sudy can be summarized as follows:

. The ground effects dgorithms based on the work of Embleton, Piercy and Daigle appear
reasonable for A-weighted metrics.

X
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. Aircraft engine location directly impacts laterd atenuation / ingtalation effects. For the Six types
of arrcraft used in the find andysis, these arcraft have ditinctly different engine ingalation effects
at the closest point of approach.

. Laterd atenuation/ingdlation effects for the arcraft withtail-mounted engines substantialy agree
with SAE AIR1751 and data recently collected by the U.K. Nationd Air Traffic Services
Ltd.(NATS). Asexpected, the primary aircraft included in the development of SAE AIR 1751
have measured |aterd attenuation/ingta | ationeffects cons stent withthe SAE AIR 1751 dgorithms.

. Sgnificant differencesexist betweenaircraft withwing-mounted enginesand SAE AIR 1751. For
the flight track-measurement geometries in this study, aircraft with wing-mounted engines had a
laterd augmentation, not an attenuation. The data collected in the current study for aircraft with
wing-mounted enginesalso differs from data recently collected in the U.K ., especidly at elevation
angles below about 20 degrees.

. Because arcraft with wing-mounted engines have become much more predominant in the flegt
snce SAE AIR 1751 was developed, inclusion of updated laterd atenuation agorithms for these
arcraft in the next generation of noise models will result in a substantid improvement in mode
accuracy, aswell as an increase in the areas of the predicted noise contours,

Before AIR-1751 can be modified, more data are required to help understand the differences observed
in the current study and the recent U.K. studies. These data should be collected in an environment where
al arcraft parameters can be controlled. The metrics used in such a data collection effort should be the
same asthose used inthe standard noisemodd sthat would make use of suchdata. Further, Sncerdatively
good agreement has been obtained for arcraft withtail-mounted engines, this additiona work should focus
on arcraft with wing-mounted engines.

Xii
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1 I ntroduction

Latera attenuation of sound is an essential component inthe accurate prediction of aircraft noise. “Latera
atenuation” contains many aspects of sound generation and propagation, including ground effects
(sometimes referred to as excess ground attenuation), shidding and reflections from arcraft structures,
aerodynamic refraction of sound, jet shielding due to closaly-spaced jet engine exhaudts, as well as other
factors. Although much work has been done to quantify laterd atenuation asit relatesto aircraft’®, there
continue to be wide discrepancies between predicted and measured noise levels, especidly for Stuations
invalving Sddine receptors and arcraft at low dtitudes, wherelatera attenuation effects can be substantia.
These discrepancies, which tend to be larger for many of the more modern jet aircraft, are even more of
an issue a airports surrounded by acoudtically varying land cover, e.g., coastd airports surrounded by a
mix of both water and grass. These discrepancies exist because most modern aircraft noise prediction
models rely on dgorithms that assume propagation over acoustically soft ground, and are based on data
from older jet aircraft.

The Nationa Aeronautics and Space Adminigration (NASA), Langley Research Center (LaRC),
sponsored the Acoustics Facility at the United States Department of Transportation’s John A. Volpe
Nationa Transportation Systems Center (Volpe Center) and the Massachusetts Ingtitute of Technology
(MIT) to conduct a noise measurement study at Logan Internationd Airport in Boston, Massachusetts,
during the summer of 1999 to examinethe gpplicability of currently available mathematica modes of latera
attenuation. The results of that measurement study are presented herein.

Thisreport presentsthe background and objectivesof the study (Section 1), the Site selection process, and
related logidic issues (Section 2), themeasurement instrumentationused (Section 3), the fidd measurement
procedures employed (Section4), datareductionand andysis, aswell as additiona observations (Section
5), and the concdlusions and recommendetions of the study (Section 6). Also presented in Appendices A,
B, C, D and E, respectively, are aligt of the study team members and their respongbilities; the results of
a datistica analysis of Logan Airport’s noise monitoring and complementary radar tracking data; the
specifications of the acoustic measurement system used; a description of the video tracking system; and
adescription of the ground effects model used in the data reduction and analyss.

1.1  Background

Lateral attenuation in the Federal Aviation Administration’s (FAA) Integrated Noise Modd (INM) has
been based on the methods described in the Society of Automotive Engineers (SAE) Aerospace
InformationReport (AIR) 1751, It contains two agorithms, one used to compute attenuationdue to air-
to-ground propagation (for airborne aircraft), and one for computing attenuation due to ground-to-ground
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propagation (for aircraft taxiing, landing or in takeoff-ground roll). Within the INM, up to and induding
Version 6.0°7, these two field-measurement-based (empirical) equations have been used for computing
ground effects for dl commercid arcraft withinthe model. Similar empirical equations have been used for
military arcraft in INM.

Released in 1981, SAE AIR 1751 is based on data measured in the 1960s and 1970s. The mgority of
the aircraft represented inthe AIR were equipped withlow-bypassraio jet engines. In particular, the data
st isdominated by a single type of jet aircraft, the BoeingModel 727-100, which fird flew in 1963. The
indusionof the SAE AIR 1751 laterd attenuation agorithmsin the INM leads to two generdizations that
lower the accuracy of the modd: (1) lateral attenuation data dominated by one type of aircraft is gpplied
to the entire aviation flegt equaly; and (2) propagation effects over acoudtically hard terrain are not
considered, amagor weakness at airportsin coastal areas. Consequently, in 1997 the INM devel opment
team initiated the task of reviang the laterd atenuation agorithms within the modd.

At the most fundamentd levd, lateral attenuationof arcraft noisecomprisestwo basic physica phenomena,
engine inddlation effects and ground attenuation effects. Engine ingtdlation effects, which are impliat in
the SAE AIR 1751 dgorithms, include shielding and reflections from aircraft structures, aerodynamic
refraction of sound, and jet shielding due to closay-spaced jet engine exhausts. These engine inddlation
effects are not wdl understood. In the latest version of the United States Air Force’'s NOISEMAP
computer programfor assessng noiseimpact inthe vicnityof militaryingalations, engine ingalation effects
are neglected and moddling of | ateral attenuation is based solely on ground attenuationeffects®’. However,
the data that were used inthe development of SAE AIR 1751 seem to indicate that for some commercid
arcrdft, e.g., the Boeing Model 727, engine ingdlationeffects may be important, depending upon source-
to-receiver geometry. Conversely, ground attenuation effectsaccount for theintroduction of animpedance
boundary, inthis case the ground surface, into a given aircraft-to-receiver geometry. This study examines
both of these components of latera atenuation, with a primary focus on the less understood engine
ingdlation effects

Various inditutions have sought to update the exiging latera attenuation agorithms in the standard noise
models. The Department of Operationad Research and Analysis of the Nationd Air Traffic Services Ltd.
(NATS) inLondonhascollected alarge database of aircraft departure dataat London’s Gatwick Airporte.
These data were collected between 1996 and 1999. The data show that |atera attenuation appearsto be
a function of arcraft geometry, i.e., the oecific placement of engines and structural components of an
arcraft influences laterd attenuation.

1.2  Objectives
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The objectives of this study were to:

. assess the accuracy of the new ground effects regressions devel oped for future inclusion
inthe FAA’sINM,
. examine and, if possble, quantify the engine inddlation component of the latera

attenuation, and
. quantify the error in utilizing SAE AIR 1751 for computing flegt-wide latera attenuation
and provide a database to assst in the process of updating SAE AIR 1751.

A secondary objective wasto compare data collected inthis study withthe data collected inthe previoudy
mentioned NATS studly.

SinceL oganisacoasta airport, the study concentrated on the assessment of the ground effectsregressions
devel opedfor propagation over anacoudticaly hard surface. Also, because ground effectsfor propagation
over an acoudicdly hard surface are more predicable than for propagation over an acoudicaly oft
surface, engine indalation effects could be more easlly quantified in this study, compared to a study
conducted with propagation over acougticaly soft ground.
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2 Site Selection

In 1998, the study team (Appendix A ligsthe membersof the study team dong with their respongihilities)
initiated the process of identifying the most suitable locations around Logan Airport a which to conduct
measurements. This process required support from the authoritiesat Logan. On January 9, 1998, severa
members of the study team conducted an exploratory meeting with personnel from Logan’s Noise Office
to apprize them of the need for the current study. The study team conducted a Site scoping visit on
September 21, 1998. This section discusses the results of boththe exploratory meeting (Section 2.1) as
well asthe scoping vist and final Site salection process (Section 2.2).

21  Exploratory Mesting with Logan Personnd

The meting beganwith a discussion of the objectives of the study, and the sudy’ s rdationshipto FAA's
INM, whichisanissue of importanceto Loganpersonnel. Aspart of the meeting, teeam membersreviewed
the technicdl issues associated with Site selection, as follows:

Over-water Propagation: The idea measurement site(s) would be one in which the
majority of the propagation path from aircraft to messurement microphone occurs over
water. Asdiscussad in Section 1.2, this arrangement more easily facilitates quantification
of possble engine inddldion effects, as compared with messurements taken over
acoudticaly soft terrain.

Ambient Sound Levels Measurement Sites had to be sdected such that ambient sound
levdsare a aminimum. Thisisof mgor concerndue to Logan's proximity to many busy
thoroughfares, as well as the substantial on-airport activity.

Aircraft Activity. Measurement sites should be sdlected to be representative of a wide
range of aircraft types, aircraft operations (i.e., both approaches and departures), and
arcraft-to-receiver geometries.

Logistics/Access. The measurements Stes had to be accessble. Because of the
subgtantial quantity of equipment required at each Ste, public road access was most
desrable.

Given the above criteriaas well as some of the other concerns voiced by the study team, the following
topicswere discussed at the meeting: (1) Ste selection and access, including logidtics; (2) proceduresfor
obtaining approval for performing measurements in the vicinity of Logan; (3) tempora variaionsinarcraft
activity; and (4) tempord variations in weather (primarily wind).

In terms of the firg discussion topic, the Winthrop area to the northeast of the airport was determined
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to bethe most desirable area(see Figure 1). Accessto potentid measurements sitesin the Winthrop area
were eadly facilitated through public-access roadways, and the suggested area neighborhoods have been
relatively receptive to past noise-related research.

Acknowledgment of the test planand approval to operate equipment onpublic land was givenby the Town
of Winthrop Board of Selectmen on May 4, 1999.

Sdection of the Winthrop area resulted in focusng on operations occurring on Runway 9/27. Winthrop
aso offered the lowest-leve (athough not necessarily ided) ambient environment as compared with other
surrounding communities. In addition, there are several areasin Winthrop, just to the north of the projected
centerline of Runway 9/27, where aircraft-to-receptor propagation occurs entirely over water.

In response to weather concerns, Logan personnel recommended measurements early in the morning,
before coastal winds increase.

The study teamwas provided withancillary materid to further facilitate planning of the measurement study.
Suchmateria included Logan’ s 1996 Annua Update® (which indudes detailed area maps and information
on arcraft activity), and Logan Airport’s Noise Information Report (which documents dl aspects of the
noise measurement and modeling activity occurringat Logan). Logan personnel also provided airport noise
monitoring data and complementary radar tracking data. Appendix B presents the results of a limited
datigtical andysis of these data.

2.2  Site Scoping

Based on the information collected at the January 9, 1998, exploratory meeting, the study team decided
to focus on the Winthrop shordline for the sel ection of measurement Sites. Public-road-accessible locations
between Point Shirley, directly to the east of Runway 27, and Court Park, to the northof Runway 27, were
identified ascandidatesites(SeeFigurel). Asmentioned above, thisareaoffered: (1) roadway-accessible
sites which represented a variety of source-to-receiver geometries for operations occurring on Runway
9/27; (2) direct aircraft-to-receptor propagation dmost entirely over water; (3) a community that has
higtoricaly been rdatively receptive to noise studies; and (4) as compared with others areas surrounding
Logaen, relatively low ambient sound levels.

To help fadilitate planning, and to ensure that study requirements were adequately met, on September 21,
1998, the study team conducted an initid Ste scoping of the candidate area on the Winthrop shordline.
Three measurement Steswere identified: a centerline reference sitelocated directly underneaththe nomina
flight track for departures/approaches on Runway 9/27 (Point 1, Figure 2), a second located about 3,000
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ft to the north of the nomind track (Point 2, Figure 2), and

athird located on Snakeldand inBoston Harbor (Point 3, Figure2). These three locations were the final
measurement Sites used for the sudy. The benefits of having two measurements stes on the same
perpendicular line from the flight track with the same surface impedance were considered moreimportant
than the accessbility issues associated with the Snake Idand location.
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3 | nstrumentation

This section discusses the acoudtic instrumentation, the instrumentation used for gathering of time-space-
position information (TSP!), the instrumentation used to survey the Sites and establish a loca coordinate
system, and other ancillary indrumentation used in the sudy. Appendix C presents detailed technical
specifications for the acoustic measurement system. Appendix D presents detailed technical specifications
for the TSPl system.

3.1  Microphone, Preamplifier, and Windscreen

A microphone trandforms sound-pressure variaionsinto dectrica sgnds, that are in turn measured by
indruments such asasound level meter (SLM) or a one-third octave-band anayzer (Spectrum andyzer),
and/or recorded on tape or some other storage medium. The Briel and Kjaar (B&K) Model 4155
microphones used in the current study are eectret condenser microphones. These microphones utilize a
digphragm of pure nickd, whichiscoated witha protective quartzfilm. The microphone backplateis made
of acorroson-resstant high-nickel dloy which carries a negetively charged layer. Thisdesign dlowsthe
microphone to maintain its own polarization, i.e., often referred to as a pre-polarized design. Pre-
polarization alows the electret microphone to function as a closed system with regard to humidity’, thus
eliminating a concern at the coastal locations and summertime measurement period of the current studly.
Additionaly, B&K Modd 2671 preamplifiersand Modd WB 1372 power supplies were employed at
each ste. A B&K Modd 0237 3.5-in (9 cm) foam windscreen was placed atop each microphone to
reduce the effects of wind-generated noise on the microphone digphragm. By reducing such noisg, the
sgnd-to-noise (S/N) ratio of a sound measurement is effectively improved.

3.2  Spectrum Andyzer

Each microphone/preamplifier was connected via 100 ft (30.5 m) of cable to aL arsonDavis Laboratories
(LDL) Model 2900, two-channdl, one-third octave-band andyzer (LDL2900) set-up at the acoustic
observer’ sgtations. Each channd of the LDL 2900 was setup to continuoudy measure and store, at 1/4-
second time intervals, the unweighted, linearly averaged one-third octave-band spectra time higory. In
this configurationthe L DL 2900 (with4 M egabytes of random access memory) is capable of storing dightly
over one haf hour of data. During data collection, the LDL 2900 at each stewas turned on & the audible

“Traditiona condenser microphones are extremely sensitive to humidity. The traditiond
condenser microphone design can result in dectrica arcing in high humidity conditions. Electret
microphones do not exhibit thistrait.

11
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start of each event, run throughout the event, and shut off ether at the concluson of the event or when
ambient noise became audible during the event of interest. The contents of interna memory were
periodicaly transferred to afloppy disk for later off-line reductionand analysis (see Section 5). This data
download was only performed during periods when no events of interest were taking place.

3.3  Digitd Audio Tape Recorder

Each microphone/preamplifier was aso connected to a Sony Model PC208Ax digita audio tape (DAT)
recorder. The DAT recorder was set up to operate in a four-channd recording mode. The two
microphones/preamplifierswere connected to thefirg two channels. Configured as such, each 295t (90-
m) tape provided dightly more than 3 hours of recording time. Unlike the LDL 2900, the DAT recorder
was setup to record continuoudy throughout a measurement day. Universal Coordinated Time (UTC) was
recorded from a True Time Model 705 time code generator onthe third DAT channedl. Thefourth channel
of the DAT was unused.

The taperecorded data provided for later repested playback and andysis of the collected data, including
the option for subsequent narrow-band andysis, if necessary.

34  Acoustic Observer Log

A manud acoudtic observer logwas maintained to provide atime synchronized history of observed aircraft
activity. Ambient noise conditions were aso noted on the log sheets. An example of thislog isshown in
Figure 3.

3.5 Meeorologicd Insrumentation

In addition to the acoudtica instrumentation, a Quaimetrics® Trangportable Automated Meteorological
Station (TAMS) wasset up at eachof the three measurement |locations. The TAM S measured temperature,
relative humidity, wind speed and direction, and ambient atmospheric pressure at one-second intervals.
Wind speed and direction were 10-second running averages.

3.6  Time-Space-Postion Instrumentation

Thetime-space-positioninformation (TSPI) systemincludestwo digita video camerasubsystemsand ther

supporting accessories. Each subsystemn recorded aircraft events onto video tape that was processed to
determine the aircraft’ s time and position information throughout the event.
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Instrumentation

Page of
Date: Site #: L ocation:
Start Time: Observer: Filename:
Event ID Event End 2900 Event Aircraft Type/Description Observations
T.0.D. Range | Duration (Airline, Tail#, Flight#)

Figure 3. Acoustic Observer Log
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Each subsystem consisted of a Canon Optura® digital video camera with a wide angle lens and the
supporting hardware to enable fidld calibrationof the sysem. The supporting hardware included portable
video targets, a camera support structure that permitted the camera to be rotated about al three axes, a
laser and laser mounting structure, and equipment to accurately determine the geometry of the cdibration
coordinate system.

3.7  Survey Insrumentation

A ste survey was conducted udng a differentid Globa Postioning System (dGPS) which was designed
around two single-frequency (commonly referred to asL 1) NovAtd® Model RT20E GPS receivers and
two GLB® Model SNTR 150 transceivers which facilitate remote communication between the two GPS
receiversi®, Thetwo 25-Watt GLB transceivers were tuned to a frequency of 136.325 KHz.

The dGPS system dso contained a Graphica User Interface (GUI) and supporting software that was
tallored for use during aircraft noise certification tests.

The dGPS system was used to determine a coordinate system for the measurement indrumentation and
the aircraft (see Figure 2). Thiscoordinate systemwas aso used inthe data processing and andyss. The
coordinate system used was defined with the postive X axis running under the departure centerline from
Runway 09, the positive Y axis in the direction of the Snake Idand and Corinha Beach measurement
locations (pogitions 3 and 2 in Figure 2, respectively) , and the pogitive Z axis verticaly up.

3.8 Other Instrumentation

B&K Mode 4231 sound cdibratorswere used to establishand check the sengtivity of the entire acoustic
indrumentation system (i.e., microphone, preamplifier, cables, spectrum analyzer and DAT). The Modd
4231 produces a user-selectable 114 dB sound pressure level at 1 kHz.

Time synchronizationof dl pertinent instrumentationinthe measurement chain was performed usnga True
Time Model 705 time code generator as reference. The Modd 705 has a built-in GPS receiver, thus
facilitating autometic time synchronization a al remote measurement sites. Universd Coordinated Time
(UTC) with aloca hour offset was used as the time base for the sudy. In particular, the LDL2900, the
DAT, the meteorol ogicd indrumentation, and the video system were al synchronized to facilitate accurate
data reduction and analysis. The radar tracking system at Logan is adso synchronized to UTC, thus
fadilitating the coordinationof acoustical, meteorologica and flight track data, if coordinationwiththe radar
system data was subsequently deemed necessary.
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During measurements, a Radio Shack Model PRO-63 Event Scanner was continuously tuned to the
frequency of the Logan control tower. Monitoring of aircraft-to-tower communications greetly asssted
in the process of identifying aircraft types.

Motorola Radius GP300 FM radios were utilized for communication between the test director and
personnel at each measurement site.
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4 Field M easurement Procedures

Measurements were conducted inlate June and mid July, 1999, between 9:00 am. and 3:00 p.m. on days
whenRunway 9/27 wasinuseand windswere below 15 knots (17 milesper hour). The measurement days
were June 23, June 24, June 29, June 30, July 12, July 14 and July 16.

4.1  Team Organizaion

The measurement team consisted of three groups of two people to operate the acoustic measurement
systems, and two additiona people to operate the two video cameras. One of the video cameraoperators
doubled asthe test director, who would aert the teams to upcoming arcraft eventsand would aso provide
data on aircraft types, flight number and ownership.

Duringatypica messurement event, the personnd at the acoustic messurement Stesinitiatied the LDL 2900
to capture sound level data, and logged pertinent event information such as time of day, event duration,
possible contamination, etc. Initiation of the LDL 2900 was the responsbility of the personnel on-gte at
each of the measurement locations, not the test director. Thiswas done so that individuds at each Ste
could make decisons of the start and stop times of events based on the ambient levels and event levels at
each Site.

4.2 Measurement System Setup
Following is a step-by-step description of the daily acoustic system setup at each measurement site:

@ Each microphone system, induding preamplifier and windscreen, was attached to a telescoping
tripod mast positioned as close as possible to the shordline (in the case of the Sddline messurement
locations, Positions 2 and 3, Figure 2) and directly underneath the nomind flight track (in the case
of the centerline measurement location, Pogition 1, Figure 2). Each mast was adjusted to locate
one microphone digphragm at aheight of 5 ft (1.5 m) and the other directly over thefirg at aheight
of 15t (4.5 m) above the loca surface. The microphoneswere oriented for grazing incidence (+/-
30 degrees) to the expected nomind flight track. Figure 4 shows the
microphone/preamplifier/windscreen arrangement deployed at the Snake Idand microphone
location during aDC-9 arival.

2 The LDL2900, DAT, and acoustic observer were positioned in full view of the microphone
location, but at a distance of gpproximately 100 ft (30.5 m) to diminate data contamination due
to observer activity.

3 The meteorologica ingrumentation was positioned approximately 25 feet (7.5 m) from the
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observer location, in a position representetive of the wind conditions at the microphone location.

The separati on distance between the meteorol ogica instrumentationand the Microphone Location
was maintained so that personnd could periodicaly check the meteorologica system and power
supply status without influencing the acoustical measurements. The meteorological sensors were
placed a approximately 10 feet (3 meters) above the ground.

100 ft (30.5 m) of cable connected the instrumentation at the microphone location and at the
observer location.

The clocksof dl pertinent instrumentation (the LDL 2900, DAT, meteorol ogical system, and video
system) were set usng the True Time Mode 705 time code generator. UTC, with aloca hour

offset, was received and trandated to a standard anadog time code format and recorded on a
separate channd of each DAT recorder.

Withdl electrica componentsof the acoustic measurement system connected, a preliminary sound

level cdibration of the sysemwas performed. The purpose of the preliminary caibration wasto
ensure that al equipment was operating properly.

The dectronic noise floor of the entire dectrica system was then established usng a non-

transducive (i.e., mechanicaly passive) capacitive load in place of the microphone.

After re-ingdlation of the microphone, a pre-measurement sound level calibration of the system
was performed.

The windscreenwasingdled and the preamplifier cable secured to aleg of the measurement mast
to prevent wind-induced vibreation.

Continuous DAT recordings and meteorologica data collection were begun.

Aircraft sound level measurements with the LDL 2900 were initiated on a per-event basis.

Following is a step-by-step description of the daily video camera system setup at the two video Sites:

N
2
3

(4)
Q)

The video tripod and three-axis head were assembled at the two Sites noted in the dGPS survey
(Pogitions 1 and 3 in Figure 2).

The two video targetswere assembled at their known coordinate locations. The heights of targets
above the ground were noted for use in later computer processing.

The video camerawas started and the UTC time code was recorded as described in Appendix
D.

The camera, ill running, was mounted on the tripod assembly.

The video cameralocated at Corinha Beach (Position2) wasrotated onits three-axis head so that
the left-of-center video target was in the center of the view finder image. The video camera é Pt.
Shirley (Position 1) was rotated clockwise 90 degrees about the roll axis, then pitched up 45
degrees. This was done to maximize the field of view at Pt. Shirley; with the wide angle lens
indaled, the Optura camera has a fidd of view of about 90 degreesin the nomindly horizonta
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direction and about 60 degrees in the nomindly verticd direction. At
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Figure 4. Typical Microphone Arrangement
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Pt. Shirley, the horizonta and vertica directions were switched by ralling the camera 90 degrees. Because
the nomind flight path for Runway 9/27 was directly over Pt. Shirley, pitching up the camera 45 degrees
alowed the camerato record departing aircraft fromthe time they left the runway until they passed amost
directly overhead.

4.3 M easurements

Upon identification of an event by the test director, the acoustic personnd began data capture on the
LDL 2900 as soon as the event was audible. During data capture, acoustic personnd logged pertinent
observations (e.g., noise contamination due to aircraft taxiing, unidentified airport sources, and locdized
community sources). When the event was no longer audible, or when ambient noise began to influencethe
event noise levels, the LDL 2900 was stopped. The test director also coordinated the numbering and
identification of arcraft events.

Throughout measurements, periodic checks were performed on the acoustical, meteorologica and video
indrumentation for the following: available battery power, remaining interna memory for devices with
internd data storage (L DL 2900 and meteorological system), and remaining tape in the case of the DAT
recorder and the video system.

44  Measurement System Dismantling

Following is a step-by-step description of the system dismantling that took place upon completion of
measurements each day:

@ A post-measurement sound level calibration of the entire acoustical systemwas performed and any
drift from theinitiad calibration was documented.

2 Theinterna clocksofthe LDL 2900, DAT, meteorologica system, and TSP insrumentationwere
compared with the master clock, and any time drift documented.

3 The video camera UTC time code taping was repested.

4 The stored sound level datain the LDL 2900 were downloaded to alaptop computer and stored
in LDL binary file format.

) The meteorologicd data were saved in acomma-ddimited ASCII text file,

(6) All instruments were shut off and the entire systemn disconnected and stored.

Backup copies of dl data files were made dally. The naming scheme for the data files was.

“MMDDYYax,” where ‘MM’ is a two-digit representation for the month, ‘DD’ is a two-digit
representation for the day of the month, ‘Y'Y’ is a two-digit representation of the year, ‘d is a unique
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character D representing the site, and X is a sequencing number.  Unigue file extensions were givento the
different types of data (e.g., meteorologicdl fileshave a“.met” extenson and binary acoudtic data have an
“.LDL” extenson).
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5 Data Reduction and Analysis

In order to accomplish the defined objectives (Section 1.2), the sound emitted by each aircraft at the
Closest Point of Approach (CPA) to the individua microphone locations was examined in detall. Inthis
study, the symbol used for the A-weighted sound level emitted at the point of closest gpproach is Lepa.

Examining Lcp, provides severd benefits. Thefirgt benefitisthat issuesrdated to directivity arediminated.
At CPA, the arcraft is perpendicular to the microphone; for dl three microphone locations, the angle from
the centerline of the aircraft to the microphone isadways 90 degrees. The second benefit isthat timing issues
are amplified. With aknown three-dimensiond flight path vector, ca culation of the propagetion time from
the aircraft to each individual microphone is straightforward. The third benefit isthat the noise at CPA is
the noise a a single instant of time; the received noise can be analyzed knowing the exact geometry
between the aircraft and the receiver. The fourth benefit is that the aircraft undergoes no changes during
the single ingtant of CPA; there are no power setting changes, no flap changes, etc.

51 Data Reduction Process

A suite of computer programs was written to fecilitate data reduction. The organization of this suite of
programs and the data flow from one program to the next is presented in Figure 5.

There are three primary input data sets. acoustical data, video data, and meteorologica data. For each
measurement event: the acoustic datacomprisetime-stamped one-third octave-band spectral time histories
as recorded by the LDL 2900 in binary format; the video data comprise video recorded in the fidd; and
the meteorol ogical data comprise time-stamped temperature, relative humidity, atmospheric pressure, wind
speed and direction in ASCII format. The following sections describe each program used in the data
reduction process.

5.1.1 Acoudtic Data Reduction - LD binary-to-ASCIl Program

This program is a Larson Davis program which converts the proprietary format of the LDL2900 binary
datafilesinto ASCII text. The output of the program isthe acoustic datain ASCII text format.

5.1.2 Video Data Reduction

Data reduction for the video system involves converting the digital image of the aircraft recorded

24



Lateral Attenuation of Aircraft Sound Levels Over Data Reduction and Analysis
an Acoustically Hard Water Surface

Video Data Acoustic Data Neather Data
Preprocessing )
and Tracking LD binary-te-
Programs AECI Program
Aircraft Position ést':” Acpustic
Datz | ala
Emission

Time Prngram

Airr.raft Froiggion
and CPA data

Data Cxtraztion
and Cocrdination
Program

Ncoustic and Neather data
at tirne of ernission
(retarded) at aircraft CPA

Propagation and Ground
Hfrets Program

Bpectral and A weighted
Acoustic data

Figure5. Flow Diagram of Data Reduction Process
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by the two camerasto emission time and three-dimensiona CPA position information used by other data
reduction programs. This conversion is described in Appendix D.

5.1.3 DataExtraction and Coordination Program

This program extracts the acoustic data for the one-third octave band spectra measured at the emission
time. The program calculates an energy average of the acoudtic datameasured at the actud emisson time
and at the quarter and half second before and after the emisson time (a total of five data records, each
record is aquarter second long). This procedure corresponded to atota averaging time of 1.25 seconds,
or aflight ssgment of approximately 300 feet for anomina speed of 160 kis,

The output of the program is the averaged one-third-octave spectra from 50 Hz to 10 KHz for each
microphone for each arcraft event centered on CPA. Also included is aircraft type and location
information, data on the location of the microphones as a function of time, the ground surface flow
resdivity, and the temperature, pressure, rdaive humidity, and wind speed and direction at the time of
CPA.

5.1.4 Propagation and Ground Effects Program

This program caculates the known propagation effects from the arcraft to each of the microphone
locations, normdalizes these data to a reference microphone, and returns the leve difference between the
normalized data and the actud reference. The known propagation effects are the spherical spreading of
sound from a point source [20log,(d/d.g)], and atmospheric absorption of sound as a function of
frequency. The amospheric absorption of sound was computed using two different algorithms, those
presented in SAE Aerospace Information Report 866a and the Internationa Standard Organization’s1 SO
9613-1. The datacorrected usnglSO 9613-1 are presented in subsequent sections. The program aso
caculates the ground effect usng the dgorithms of Embleton, Piercy, and Daigle (Reference 13). This
ground effects modd is described in detail in Appendix E.

The reference microphone used inthis study was the 5-foot microphone a Pt. Shirley. The ground effects
agorithms were checked by comparing the reference to the 15-foot microphone a Pt. Shirley. Engine
ingallation effects are quantified by comparing the four microphones at Snake Idand and Corinha Beach
to the reference microphone.

5.2  DaaCulling Process

The first step in the reduction of the data was the decision to concentrate the analysis on departure data,
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not arriva data. Departure events sgnificantly outnumber arriva events; this, combined with the lower
sgna-to-noise rétio of the arrival data and the inability to state with confidence that no power setting
changes occur in the find segment of the approachled to the decisonto forego andyds of the arrivd data.

The entire set of data collected for departure events is shown in Figure 6. This data set represents 339
total departure events measured by the five microphones, which were corrected to the reference
microphone. The data points are plotted as a function of devation angle. The devation angle was the
arcraft’ s angle above the horizon as seenfromthe particular microphone. The dependent axis represents
the difference between the as-measured corrected data observed at each of the five microphonesand the
reference microphone.

“Corrected” for the five messurement microphones means the 1.25 second, energy-averaged spectra at
CPA were corrected to the same distance as the CPA distance associ ated withthe reference microphone.
Correction for these five microphones involves spherica spreading, atmospheric absorption, and ground
effect. “Corrected” for the reference microphone involvesonly the application of the EPD ground effects
dgorithm (Appendix E) to remove the ground reflection effect present in the measured sound.  All data
were A-weighted during the andyss. Thelabd on the dependent axisis labeled ‘resdua.’ The residud
is believed to be synonymous with the engine ingtdlation effect, since dl other physica effects on the
measured data have been accounted for in the correction process.

The data presented in Figure 6 were culled using two criteria for removing potentidly contaminated data.
Thefirgt criterion was to remove dl events that had a recorded wind speed of ten miles per hour (MPH)
or greeter a any of the three meteorologicad gations any time in the event. The second criterion was to
remove dl events that had aposshility of apower setting change before passing over Pt Shirley. Findly,
only the datafor alimited number of aircraft types were used in the final analyd's, to avoid working with
arcraft typesthat did not have alarge sample population.

521 Wind Speed Culling

The wind speed data for dl microphone events are shown in Figure 7. Note that the total number of
microphone events (2,034) is equd to the total number of departure events (339) multiplied by the tota
number of microphones (6). The wind speed culling criterionwasto remove fromthe andyss all the data
fromthe Sx microphonesfor any event for whichany of the three meteorol ogi cal sations measured awind
speed of 10 MPH or higher during the event. This criterionforced the removal of dl events measured after
noontime on each of the measurement days.
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5.2.2 Climb Gradient Culling

The second criterion used to cull the departure data diminated any events that possibly included power
setting reductions before the aircraft passed over the reference microphone at Pt. Shirley. These power
etting reductions are sometimesreferred to as cutbacks. Possible cutbackswere identified by a reduction
in the climb gradient during the last observed segments of the recorded flight. Any event that had a climb
gradient of less than 80% of the climb gradient for the entire observed event was removed from the
andyss. An example of an aircraft that has a climb gradient of 80% or greater for the last observed
segment of the flight is shown inFigure 8. This event was retained in the final data set. An example of an
arcraft that has aclimb gradient of less than 80% for the last observed segments of the flight isshown in
Figure 9. This event was removed from the find data sat.

Thisdimb gradient culling was important because Pt. Shirley lies just before the region where cutbacks
occur for typica departures off Runway 9. The FAA permits cutbacks to occur at dtitudes at or above
800 feet Above Ground Level (AGL)™, dthough cutbacks at 1000 feet are moretypica of normd airline
procedures?. By the time they pass over Pt. Shirley, most aircraft were between 800 and 1000 feet.
Thoseaircraft that did not exhibit cutbackswere probably ether rdaively heavy aircraft, arcraft departing
with reduced takeoff thrugt, or arcraft which are cutting back a a higher dtitude than the minimum
permitted by the FAA.

5.2.3 Aircraft Types

After the alling steps listed above, six aircraft types were considered to have an adequately large
population for indusion in the analyss. These six types were the B-727, DC-9, MD-80, B-737 (CFM
series engines), B-757, and A320. All other aircraft typeswere excluded from further analysis. Notethat
within each of these typesthereare large possible variaionsin weights, engine thrust settings, and, for the
B-757 and A320, different engines. These differences do not affect this andyss, since the data set
collected for each aircraft event was only referenced to itself, not to an aircraft group.

Table 1 showsthe effect of the two culling processes. Of 339 total departures collected during the seven
days of measurements, 237 eventswere recorded for the Sx primary aircraft types listed above. Of these
237 events, 45 met thewind and dimb gradient criteria and were retained for find andysis. The teble
showsthe further divisonof arcraft into two subgroups. those with engines mounted on the wings (“wing-
mounted”) and those with engines mounted on the aft fusdage (“tail- mounted”).

The retained data are shown in Figure 10. This showsthe 45 retained aircraft events with 5 data
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Table 1. Summary of Retained Departure Data

Collected Data for all Aircraft types:

Departures:
Arrivals:

Major Aircraft Types Collected Data Retained Data
(Departure Only) (Departure Only)

A320 Family 22 6
B737 Family (CFM only) 47 8
B757 43 9
Wing-mounted Subtotal 112 23
B727 56 8
DC9 28 6
MD80 Family 41 8
Tail-mounted Subtotal 125 22
Total 237 45

The retained data contain no winds greater than 10 mph at any of the three
measurement sites during the entire event and have no events with a final climb gradient
less than 80% of the observed average climb gradient.
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pointsfor each event. The data points are plotted as afunction of eevationangle. The resdua maypossibly
contain meteorologicd effects, but retaining only data for which wind speeds were less than 10 miles per
hour should diminate the mgority of these effects. A datidticd andyss of noise levels versus various
meteorologica conditions for data collected by the L ogannoise monitoring system in the summer of 1998
ispresentedinAppendix B. Thesedatashowed no correl ation between temperature, wind speed, and time
of day. The datatend to cluster in three groups. The data cluster between 8 and 20 degrees was from
Corinha Beach, the data cluster from 20 to 60 degrees wasfrom Snake Idand, and the data cluster above
60 degrees was from Pt. Shirley.

5.3  Andyssof Retaned Data

This section presents an andysis of the retained data. The first step in the analysis was to confirm that no
problems existed with the signal-to-noise ratio of the measurements collected at Corinha Beach, the most
distant measurement sitefromthe nomind tracks. The second step wasto examine the vaue of the ground
flow resigtivity used for correcting data measured at the Pt. Shirley site.  For the two over-water
propagation measurement sites, a flow resistivity of 20,000 c.g.sraylswas used. An andyss was then
performed to examine the differences between aircraft typesbased onengine location. A datidicd andyss
by arcraft typewas performed. Findly, an examinationof the inddlationeffectsfor dl typesof aircraft was
conducted.

5.3.1 Signa-to-Noiseratio a Corinha Beach

Signd-to-noiseratio isthe ratio of the desired sgnd to the ambient or background levels which interfere
with the measurement of the desired signd. At a minimum, adesired sgna should be 10 dB greeater than
the background levels. With a 10 dB rise above the noise floor, the error in the signa due to the
background levels can be neglected.

Figures11 and 12 show the A-weighted time histories for two typica events at Corinha Beach, one a
B-727, the other aB-757. The B-727 hasapeak leve over 22 dB above the background levd, and, more
gpplicable to thisstudy, hasa sound level a CPA (Lcpa) Of @out 15 dB above the background leve. The
B-757 hasapeak leve about 15 dB, and anLp, Of about 12 dB, above the background levd. Signd-to-
Noise ratios, even for the aircraft with quieter, modern high-by-passratio engines, were not an issue for
the departure events studied.

5.3.2 Ground Impedance a Pt. Shirley

The ground cover at Pt. Shirley wascdosdy mowed grass. For thistype of ground cover, arange of flow
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resistivities between 150 and 300 c.g.s. raylsis recommended by Embleton, et. a*. The results of usng
these flow resistivities to correct the data measured at the five-foot reference microphone are shown in
Figure 13. The only noticesble difference occurred at the hdf-wave engthinterference frequency of 63 Hz.
For an A-weighted analysis, this difference was effectivey negligible. For al further andysss, the flow
resgtivity of 150 c.g.s. rayls was used.

5.3.3 Effect of Engine Location

Examination of Figure 10 shows that data measured for different aircraft types tend to cluster based on
engine location. Thisis particularly noticeable at the |ower eevationanglesobserved from Corinha Beach.
Figure 10 displays the data for those aircraft with tail-mounted engines (B-727, MD-80, and DC-9) as
closed symbols and the datafor those arcraft withwing-mounted engines (B-737 CFM seriesengines, B-
757, and A320) as open symbols. Therest of this section presentsan andyss of the data based on these
Separate groups of aircraft.

36



Lateral Attenuation of Aircraft Sound Levels Over Data Reduction and Analysis
an Acoustically Hard Water Surface

85

80

75

70

Level (dB(A))

65

60 \

-20 -15 -10 -5 0 5 10 15 20
Time (sec.) relative to CPA

— 5ft mic. 15 ft. mic.

Figure11. A-Weighted Time History, B-727

37



Lateral Attenuation of Aircraft Sound Levels Over

an Acoustically Hard Water Surface

Data Reduction and Analysis

Level (dB(A))

85

80

75

70

65

P
>~

60

-15 -10 -5 0 5 10
Time (sec.) relative to CPA
— S5ft mec. 15 ft. mic

15

20

Figure 12. A-weighted Time History, B-757

38




Lateral Attenuation of Aircraft Sound Levels Over Data Reduction and Analysis
an Acoustically Hard Water Surface

110

100

| | | | | | | | | | | | | | | | | | | |
T T T T T T T 1 T [ T I T 11
S0 63 80 “OC 125 160 200 250 215423 220 622 B0C 'K * 226k 2K 253.°C 44

1/3 Octave Band
—+—300 c.g.s rayls -+ 180 ¢.¢.8. rayls

Figure 13. Comparison of Corrected Spectra at Pt. Shirley Using 150 and 300 c.g.s. Rayls
Flow Resistivity

39



Lateral Attenuation of Aircraft Sound Levels Over Data Reduction and Analysis
an Acoustically Hard Water Surface

Regression through Logan Data
Tail-Mounted Engines (B727, DC9, MD80)
4
2 L
©
0t %o = y
o 0

< 2
e}
Ko)
S 4y
i
0
(4}
x 5l

-8

O Logan Data
10 : : : : : . : . = | 0gan .
0 10 20 30 40 50 60 70 80 90 Regression
Elevation Angle (deg)

Figure 14. Regression Through Logan Data, Tail-Mounted Engines

53.4 Saidicd Andyss

Figure 14 shows the three aircraft typeswithtail-mounted engines as a separate group from the entire set
of datashown in Figure 10. An exponentia regressionline has been drawn through the datato enable the
reader to better view the trend inthe data. Theresduad effect of these aircraft is pronounced between 8
and 20 degrees of elevation.

40



Lateral Attenuation of Aircraft Sound Levels Over Data Reduction and Analysis
an Acoustically Hard Water Surface

Comparison of Regressions
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Figure 15. Comparison of Regressions, Tail-Mounted Engines

Figure 15 showsthe same data as Figure 14 withthe addition of the latera attenuation curves of SAE AIR
1751 and the latera attenuation for the same tail-mounted aircraft suggested by Nationa Air Traffic
Services, Ltd (NATS). Notethat the SAE AIR 1751 curve and the NATS curve represent true lateral
atenuation, whereasthe resdud curve for the L oganstudy representsengineingallation effect as discussed
previoudy. At angles above about 10 degrees, theory shows that ground effects can be neglected;
consequently, above 10 degrees, engine indalationeffects, resdud, and laterd attenuation are essentialy
Synonymous.
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Comparison of NATS Regressions
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Figure 16. Comparison of NATS Regressionswith Original and New Coefficients, Tail-
Mounted Engines

Because the NATS laterd attenuation curve is based on empirica data, it was possble to derive
coefficients for the NATS curve usng the data collected for this study. The result of this process is
presented in Figure 16; the figure dso includesthe origind NATS curve found using the Gatwick data. The
difference betweenthe curvesis amdl, suggesting that the data collected at thetwo airportsfor tail-mounted
arcraft were smilar, and that the actud curve is dependent on the statistica method selected.

42



Lateral Attenuation of Aircraft Sound Levels Over
an Acoustically Hard Water Surface

Data Reduction and Analysis

Delta (Logan-NATS) (dB(A))

Difference Between Logan Data
and Original NATS Regression
Tail-Mounted Engines (B727, DC9, MD80)

10 20

30 40 50 60
Elevation Angle (deg)

70 80 90

Figure 17. Difference Between Logan Data and Original NATSregression, Tail-Mounted

Engines

To determine if a gtatigticaly significant difference between the NATS curve and the data collected at
Logan exigts, the differences between the NATS curve and the Logan data were plotted as a function of
elevaion angle. The 95% confidence intervas (Cl) for these differences were then cdculated. Figure 17
shows the results of these caculaions. The best linear fit of the differenceis dightly less than one dBA for
al devation angles. At dl angles, thelower Cl lineis very close to encompassing the zero line. Although
the two data sets are not datigticdly equivaent a al eevation angles, the differences are amdll.
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Figure 18. Difference Between L ogan Data and SAE AIR 1751 Regression, Tail-Mounted

Engines

The difference betweenthe SAE AIR 1751 equationfor latera attenuationand the Logan data is presented
in Figure 18. Thefigure aso displays the 95% confidence intervas of the best linear fit through the data.
The difference data varies from zero directly overhead (where, by definition, no lateral attenuationexists),
to around 2 dBA difference at the lower angles where the engine ingtdlation effects are expected to

become pronounced.
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Figure 19. Difference Between Logan B-727 Data and SAE AIR 1751 Regression

Figure 19 shows the difference between the SAE AIR 1751 equation for latera attenuation and the data
messured at Loganfor the B-727 aircraft. Thefigure aso showsthe 95% confidence intervasof the best
linear fit through the data. At highand low angles, the confidence intervals encompass zero, indicating there
isno datigicaly sgnificant difference between the Logan data and the SAE AIR 1751 equations for the
B-727 at theseangles. Between about 20 and 50 degrees, addidicdly sgnificant difference does appear
between the Logan data and the SAE AIR 1751 equations. However, the difference is on the order of a
few tenths of adecibel. The agreement between the LoganB-727 dataand the SAE AIR 1751 equation
was expected since, as mentioned previoudy, the SAE AIR 1751 data set is dominated by the B-727
arcraft.
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Figure 20. Trend Line Through L ogan Data, Wing-Mounted Engines

Figure 20 showsthe three aircraft typeswithwing-mounted enginesas a separate group. A “trend ling’ has
been drawn through the data at the lower eevation angles to enable the reader to better view the genera
behavior of thedata.  Thistrend lineis the arithmetic average of the data at anglesbelow 60 degrees. The
resdua effect for these arcraft is the opposite of the tail-mounted engine group. For these aircraft an
augmentation at the lower devation angles is observed; the noise measured for these aircraft is higher
than what would be measured directly under the aircraft a the same dant distance. For evation angles
below 60 degrees, this augmentation appears independent of elevation angle.
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Figure 21. Comparison of Trends/Regressions, Wing-Mounted Engines

Figure 21 shows the Logan data and trend line for the aircraft withwing-mounted engines, dong with the
SAE AIR 1751 and the NATS laterd attenuation curves. The NATS curve shows smilar augmentation
between 20 and 60 degrees as seeninthe Logandata, but the data differ subgtantialy at the lower elevation
angles. Thisdifference was large enough that further statistica comparison of the wing-mounted data was
not meaningful. In addition, the difference between the Logan data and the SAE AIR 1751 curve of
approximately 4 dB at the mid-angles and 8 dB &t the low anglesshould be noted. Theselargedifferences
at low anglesfor arcraft withwing-mounted enginesimply that noise predi ctionmodes that use the exiging
latera attenuation dgorithms may be under-predicting the noise generated by these aircraft by a amilar

magnitude.
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Figure 22. Residual as a Function of Frequency, Elevation Anglesfrom 8 to 20 Degrees

5.35 Inddlation Effects

Figure 22 shows, for eevation angles between 8 and 20 degrees, the average residud effect for the six
retained aircraft types as a function of frequency for frequencies between 250 Hz and 4000 Hz. These
frequencies are essentid to the A-weighted andyss presented herein. As can be seen, there is a clear
Separati on between the wing-mounted and tail-mounted aircraft. Figure 22 dso showsthat the ingalation
effect is not a strong function of frequency for these x arcraft types. This rdative lack of frequency
dependance for each of the Six typesis afurther indicator that Sgnal-to-noisewas not afactor, and, more
importantly, that a sgnificant difference in residud exists between arcraft with tail-mounted and wing-
mounted engines.

48



Lateral Attenuation of Aircraft Sound Levels Over Data Reduction and Analysis
an Acoustically Hard Water Surface

54 Additiona Obsarvations

The firg topic in this section is an overview of the differences in aircraft geometries, and how these
differencesmay help explain the figures presented inSection 5.3. The second topic in thissection examines
the correlation between the Lp, data measured in this study and the SEL data presented in Reference 8.

5.4.1 Geometry of Aircraft

The data presented in Section 5.3 showed significant differencesin the engine ingdlation component of
latera attenuation between arcraft with wing-mounted engines and aircraft with tail-mounted engines.
Possible reasons for these differences are related to the differences in physical geometry of these two
groups of arcraft.

5.4.1.1 Aircraft with Tail-Mounted Engines

Noise generated by jet engines has a number of discrete sources. These discrete sources include the fan,
the compressor and turbine machinery, the combustor, and primary (jet) and secondary (fan) exhaudts.
These noise sourcestend to be directiona. Thefan noise generdly propagatesforward, the machinery and
combustor noise propagates perpendicularly, and the exhaust noise tends to propagate to the rear'“.
Because this study examines noise emitted & CPA, fan noise and exhaust noise are probably not major
factorsin the resduals presented in Section 5.3.

When aircraft with tail-mounted engines are perpendicular to the receiver at low angles (8 to 20 degrees),
the farthest engineis completely shielded by the fusdage or the vertica stabilizer. With completeshidding
of the farthest enging(s), the noise would be reduced up to 3 dB (10log(Y2) = -3) for atwo-engine aircraft
and up to 4.8 dB (10log(1/3) = -4.8) for athree-engine aircraft in the limiting case of closely-spaced, co-
linear engines. Hodge™ has noted that additional attenuation may be dueto aerodynamic flow-fidd effects.
Theseeffectsare the scaitering of the engine noise as it passes through the wing down-wash and thewingtip
vortices. These effects, combined with some shielding of the farthest engine(s), may account for the
resdud a low angles seen in Figures 14 through 16.

For arcraft with tail-mounted engines a mid-range eevationangles (20 to 60 degrees), the farthest engine
may be visble under the fusdage. As such, the aircraft with tail-mounted engines tend to show an
augmentation Smilar to the aircraft with wing-mounted engines (Figures 14 and 20, respectively). This
augmentation for arcraft with tail-mounted engines may be due to the combination of the incomplete
shidding of the farthest engine and the reflection of the noise from the closest engine off the rddively flat
horizontal and verticd stabilizers
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A comparison of the uncorrected A-weighted time histories levels measured at Corinha Beach and PX.
Shirley for anarcraft withtail-mounted enginesis given in Figure 24. An important festure of Figure 24 is
the reduction in level around the time of CPA for the measurements made at Corinha Beach. Note that
the reduction is present for both the 5-ft. and 15-ft. microphones, indicating that this reduction is not an
artifact of the measurement technique. Thisreductioninleve at CPA for the Corinha Beach measurements
gppearsin the mgority of the time histories for the retained aircraft withtail-mounted engines. Thereisno
corresponding dip inthe time hitory for the reference measurement made at Pt. Shirley. The presence of
this locd reductioninthe A-weighted data at Corinha Beachisatime history representation of the residua
described in Section 5.3.

5.4.1.2 Aircraft with Wing-Mounted Engines

Modern jet arcraft with wing-mounted engines do not have constant chord wings, but rather have a
sgnificant taper ratio. Thetaper ratio is highest betweenthe engine and the fusdage, wherethe leading edge
of thewing is swept while the trailing edge projects dmost perpendicular to the fusdage. This meansthe
engine farthest from the receiver has afairly broad and flat surface from which to reflect noise.

For the three types of arcraft with wing-mounted engines included in this report, the engines are either
forward or under the wing. These locations provide limited opportunity for noise from the closest engine
to reflect off arcraft surfaces. In addition, these locations provide limited opportunity for noisefromeither
engine to be shidded by the fusdage. However, as mentioned above, noise from the farthest engine could
possibly reflect off the underside of the fusdage and thewingcenter section. Thesereflections may account
for the augmentation at elevation angles below 60 degrees shown in Figures 20 and 21. Conversdly, the
lack of any gpparent residud as afunction of angle in these figures indicates that aerodynamic flow-fidd
effects may be negligible for arcraft with wing-mounted engines.

In addition, the resdua augmentation seen in Figures 20 and 21 for arcraft with wing mounted engines
may be due to assumed perfectly straight source-to-receiver pathsthat, in fact, were not. Figure 23
presents an example of modeled ground effect as a function of reflection angle. The figureis based on
the EPD ground effects model used in this study. The figure represents a ground distance of 1000
meters between the source and the receiver, which is approximately the CPA distance from Corinha
Beach. The figure shows a ground effect of about three decibe s when reflections angles are less than
about one degree and less than one decibel when reflection angles are above about 10 degrees. The
combined average ground effect based on the EPD modd for the aircraft observed from Snake Idand
and Corinha Beach is 0.57 decibels. If the source-to-receiver sound path was curved, the actua
reflection angle would be dightly lower than was assumed with sraight-path propagation. The effect of
applying this lower reflection angle (and increased ground effect) would be to reduce the resdud
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augmentation. Thisresidud augmentation may aso be inherent in the data for aircraft with tail-mounted
engines (Figures 14 and 15). Lower actud reflection angles could be possibly caused by the effects of
water surface conditions on the propagation path and/or micro-meteorologica effects a the water/air
boundary*®. Investigation of these factorsis beyond the scope of this studly.

A comparison of the uncorrected A-weighted time histories levels measured at Corinha Beach and Pt.
Shirley for an arcraft with wing-mounted enginesis given in Figure 25. Unlike Figure 24, thereisno
reduction in leve for the Corinha Beach measurements at the time of CPA. None of the aircraft with
wing-mounted engines shows areduction in leve similar to that shown in Figure 24.

5.4.2 Rdationship of Lep, and Integrated Metrics

The ability to accurately track aircraft, and to coordinate that tracking information with acoustic data
was an important component of this study. Most uncontrolled aircraft noise studies conducted to date
have not had the luxury of this precise coordination, and so have rdlied on integrated noise metrics such
as SEL and/or DNL. Integrated metrics correlate with community response to aircraft noise, and
provide a ussful comparison of noise levels, but they do not alow close dissection of individud
components of arcraft noise. One of the problems with integrated metricsis that they can contain noise
data generated during different aircraft configurations. For example, an SEL metric for a departure will
generdly contain dl the aircraft noise generated during a period in which the noise of the aircraft is
within 10 dB of the maximum noise generated by the aircraft. This period will, by definition, contain the
noise produced over arange of directivity angles and dant distances. The period may aso contain
noise during different aircraft configurations such as power setting changes or flgp changes. Even when
the SEL isbased on a CPA distance for an aircraft atitude less than the standard cutback atitude, the
SEL will contain sgnificant energy when the aircreft is above the cutback dtitude. These unknownsin
the SEL tend to make the metric in some ways less trustworthy than a metric that looks at the noise
generated at a known ingtant of time and at a known congtant angle.

Although the SEL metric may not be as precise atoal asthe Lop, metric for examining the details of
arcraft noise, examination of the data collected at Logan showed a high correlation between Lp, and
SEL. For measurements made a Corinha Beach, the correlation is shown in Figure 26. For the
equation SEL = 14.2 + 099Lcra , the corrdation coefficient is 0.92.
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Figure 24. A-weighted Time History of B-727 Departure, Corinha Beach and Pt. Shirley
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For measurements made at Pt. Shirley, the correaion is shown in Figure 27. For the equation
SEL = 8.0+ Lcra, the corrdaion coefficient is 0.92.

The data shown in Figures 26 and 27 used to generate the corresponding equations were based on the
727 and 757 arcraft only. These are the two most common types of aircraft in each of the sub-groups
examined. Also, dthough a correlation exists a each Site, no conclusions can be drawn that the SEL
data at Corinha Beach corrdates with the SEL data a Pt. Shirley. The methods of correcting the data
from Corinha Beach to the reference microphone at Pt. Shirley relied on knowing the exact aircraft
location and spectra a each moment in time. Thisinformation islost in the SEL metric. Despite this
cavedt, the high corrdation between the SEL and Lp, descriptors may indicate that the conclusions of
this study would not change if SEL were sdlected as the metric of andysis.
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6 Concluson and Recommendations
Based on the andysis of the data collected at Logan, the following conclusions are made:

. The ground effects dgorithms based on the work of Embleton, Piercy and Daigle (Reference
13) appear reasonable for A-weighted metrics. These algorithms produce the expected results
at overhead angles, where the reference microphone and the associated 15-foot microphone
correct to essentidly the same A-weighted vaues.

. Aircraft engine location directly impacts latera attenuation/ingtalation effects. For the Sx types
of arcraft used in the find andyd's, these aircraft have diginctly different engine ingtdlation
effects at the closest point of approach.

. Latera attenuation/ingalation effects for the aircraft with tail-mounted engines substantialy
agree with SAE AIR 1751 and data recently collected by NATSinthe U.K. As expected, the
primary arcraft included in the development of SAE AIR 1751 have messured laterdl
atenuation/ingallation effects congstent with the SAE AIR 1751 dgorithms.

. Significant differences exist between arcraft with wing-mounted engines and SAE AIR 1751,
For the flight track messurement geometries in this sudy, arcraft with wing-mounted engines
had alatera augmentation, not an attenuation. The data collected in the current study for
arcraft with wing-mounted engines <o differ from data recently collected by NATS in the
U.K., especidly a devation angles below about 20 degrees.

. Because arcraft with wing-mounted engines have become much more predominant in the fleet
snce SAE AIR 1751 was developed, inclusion of updated lateral attenuation agorithms for
these aircraft in the next generation of noise modds will result in subgtantia improvement in
model accuracy aswell as an increase in the aress of the predicted noise contours.

Before SAE AIR 1751 can be modified, more data are required to help understand the differences
observed in the current study compared with the recent studies conducted by NATS. These data
should be collected in an environment where al aircraft parameters can be controlled. The metrics
used in such a data collection effort should be the same as those used in the standard noise models that
would make use of such data. Further, since relatively good agreement has been obtained for aircraft
with tail-mounted engines, this additiona work should focus on arcraft with wing-mounted engines.
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Appendix A: Study Team Members

Volpe National Transportation Systems Center, Acoustics Facility:

Gregg G. Fleming

B.S,, Electrical Engineering, University of Lowell, Massachusetts. Manager of the Volpe Center
Acougtics Facility. Mr. Heming was responsible for al aspects of the study.

David Senzig, P.E.

M.S., Mechanical Engineering, University of Washington, Sesitle, Washington. Mr. Senzig was the
principa investigator on the study. He was involved with all aspects rdated to sudy design, data
collection, data reduction and andyss.

Paul J. Gerbi

B.S,, Electrical Engineering, University of Lowell, Massachusetts. Mr. Gerbi provided data reduction
programming support.

Amanda Rapoza

B.S., Acoudtic Engineering, University of Hartford, Connecticut. Ms. Rgpoza provided data andysis
support.

David R. Read

Mr. Read was responsible for al aspects related to the acoustical instrumentation, both preparatory
andin thefidd.

Christopher J. Roof

B.S.,, Electricad Engineering and Music, Boston University, Massachusetts. Mr. Roof provided data
collection support.

Edward J. Rickley
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M.S., Electrica Engineering, Lowell Technicd Indtitute, Massachusetts. Mr. Rickley provided data
reduction programming support.

M assachusetts I nstitute of Technology:

John-Paul B. Clarke

Sc..D., Aeronautics and Astronautics, Massachusetts Ingtitute of Technology (MIT), Cambridge,
Massachusetts, Charles Stark Draper Assistant Professor of Aeronautics & Astronautics, MIT.
Professor Clarke was responsible for al MIT efforts and consulted on al aspects of the study.

Alex Y. Lee

M.S., Aeronautics and Astronautics, MIT, Cambridge, Massachusetts. Mr. Lee was involved with all
aspects related to study design, data collection, data reduction and andysis. He was responsible for
coordination between the Volpe Center and MIT, and supervising undergraduate students during field
measurement and video data processing.

Chrigtopher Gouldstone

Junior, Department of Aeronautics and Agtronautics, MIT, Cambridge, Massachusetts. Mr.
Gouldstone provided field measurement and video data processing support.

NicholasJ. Kim

Freshman, MIT, Cambridge, Massachusetts. Mr. Kim provided field measurement and video data
processing support.

Ayanna T. Samudls

Freshman, MIT, Cambridge, Massachusetts. Ms. Samuds provided field measurement and video
data processing support.

Shane Suehisa

Freshman, MIT, Cambridge, Massachusetts. Mr. Suehisa provided field measurement and video data
processing support.
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Appendix B: Statistical Analysis of Airport Noise Monitoring and Radar Tracking Data

An andysis of the sound level data collected by three of Logan’ s remote monitoring stations (rms 4, 6
and 7) in July 1998 was performed to determine if any sgnificant trends could be identified (e.g., was
there a dependency on temperature, wind speed, or time-of-day which might correlate well with
ambient sound level?). These three rms were located in the same generd area of Winthrop used for
measurements in support of the current study.

The sound leve data files were combined with meteorologica data from the airport’ s weather station
(hourly temperature, dewpoint, wind speed and wind direction) and arrival/departure data
(arrival/departure time, runway, and aircraft type).

The hourly meteorologica data were assigned to each sound level event (regardless of aircraft type)
based on closest time of day. The maximum sound level for each event a each rms was charted
againgt temperature (Figure B-1), wind speed (Figure B-2), and time of day (Figure B-3). Ascan be
seen, no relationship between these parameters and the sound level data was discernable.

To try to more closdy examine any possible relationships, arrival/departure data from Runway 9/27
were hand-matched with the sound level event data measured at rms 4 for July 1 and 2, 1998. If the
arriva time was within £15 seconds of the event end time, it was consdered a correct match. If the
departure time was within £15 seconds of the event sart time, it was considered a correct match. Of
the 1,118 sound leve events examined, only 257 or 23% could be confidently matched with a specific
arcraft arrival or departure.  Due to the low corrélation, and the laborious nature of this by-hand task,
no further like analyses were performed. It was determined that resources were better spent esawhere.
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Appendix C: Acoustic Instrumentation
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Appendix C: Acoustic Instrumentation Systems Reference

Instrumentation List

B& K Deltatron Microphone System:
Model 4155 Electret Condenser Microphone.
Modd 2671 Ddtatron Preamplifier.

Model WB1372 Deltatron Power Supply.
Custom-fabricated BNC to XL R adapters.

Custom-fabricated 4-conductor 150 ft (45.7 m) or 100 ft (30.5 m) shielded XLR microphone

cables.

Spectrum Analyzer (L DL 2900):
LDL Modd 2900 Spectrum Analyzer.

Digital Audio Tape (DAT) Recorder:
Sony Model PC208Ax DAT.

Ancillary:
B&K Modd 4231 Sound Cdlibrator.

%>in Microphone Simulator (Dummy Microphone).

17 Ah Gd-Cdll Battery, or
40 Ah Gd-Cdll Battery.
Tripod.

Mast.

TAMS Meteorologica Station.

Configuration

LDL Moded 2900 Spectrum Analyzer:

1. Range settings - Normd cdibration at 114 dB SPL will automaticaly set the input range to
120 dB. Change the input range as required for data collection . All such changes must be

logged.

SONY Model PC208Ax DAT Recorder:
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C3

C31

C32

1. Mode - Operate at 20 kHz bandwidth (10 kHz is sufficient if necessary). Configure as 2-
channel @1X speed, or 4-channel @2X speed. Note: 295 ft (90 m) tape provides 3 hours
recording time at 1X speed.

2. Range - Input voltage range: Cdibrate at 1V using 114 dB SPL cdibration Sgna. Range
changes after calibration provide the following gain values:

Range Gan Overload Linear Floor
05V +6.0 dB 114.0dB 29.0dB
1.0V 0.0dB 120.0dB 35.0dB
20V -6.0dB 126.0 dB 41.0dB
50V -14.0dB 134.0dB 49.0 dB
100V -20.0dB 140.0 dB 55.0dB

Note: If IRIG B Time Code is being recorded, set corresponding DAT input channel to 5V
range.

Operation
Setup:
1. Run microphone cable and connect between B& K Modd 2671 Detatron preamplifier and

B&K Modd WB1372 Deltatron power supply. Note: Custom-fabricated BNC-to-XLR
adapter cables are required at both ends of the microphone cable.

2. Interconnect equipment per Figure 9.

3. Connect power lead for Sony Modde PC208AX to 40 Ah gel-cell battery. Connect power
cable to recorder. Turn on al equipment.

4. Set time and date on Sony Model PC208Ax, and LDL 2900 Anayzer per Master Clock.
5. Check instrument settings, especially recorder speed, channd configuration and input range.

Calibration:
1. Remove foam windscreen from microphone.
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2. Carefully apply cdibrator to microphone.

3. Carefully apply power to calibrator (114 dB setting).

4. Wait ten seconds for system to stabilize.

5. Perform cdibration of LDL Mode 2900.

6. Once the frontend has been cdibrated and a steady calibration signd is observed, record the
cdibration signd on the Sony Modd PC208Ax for one minute. The one-minute durétion is
required to ensure that the DAT recorder’s event ID system does not get “scrambled.” A 30-
second duration is sufficient when using the PC208Ax’ s 2X speed mode. Ensure that no gain or

weighting is being applied at the front end by checking the setup parameters of the LDL Modd
2900. A normd cdibration will illuminate 4 ssgments on the Sony Mode PC208Ax LCD

disolay.

7. After recording the calibration sgnd, turn off the cdlibrator and remove it from the
microphone.

8. Remove the microphone from the B&K Mode 2671 Deltairon preamplifier.

9. Attach the %2-in microphone smulator to the B& K Modd 2671.

10. Capture and record one minute of microphone smulator floor (Recording of a 30-second
duration should be sufficient when operating the PC208Ax at 2X speed mode). The LDL
Mode 2900 Spectrum Analyzer should indicate approximately 16 to 20 dB(A) in the SLM
mode.

11. Remove the microphone smulator, and re-ingtal the microphone.

12. Attach the calibrator to the microphone.

13. Apply power to calibrator (114 dB setting).

14. Wait 10 seconds for calibrator sgnd to stabilize.

15. Paerform norma calibration of the LDL Modd 2900.
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16. After cdibrating the sound level meter and observing a steedy-date cdlibration sgnd,
record the cdibration Sgnal on the DAT recorder for one minute (minimum 30 seconds when
using the PC208Ax at 2X speed).

17. After recording the calibration sgnd, turn off the cdibrator and remove it from the
microphone. Attach the foam windscreen.

18. The acoudtic system is ready for initiation of measurements.

Table 2. System Performance Limits

C4  System Performance Limits

Component Mode Overload Point Foor
(Mic Smul&tor)
B&K Ddtatron Mic 140 dB SPL ~20 dBA
System
LD 2900 Anayzer 120 dB Range 134 dB SPL ~41 dB
SONY PC208AXx 1V Input Range 120 dB SPL 35 dB (linearity floor,
DAT Recorder FS- 85dB)
C.5 Power Requirements and Considerations
C.5.1 Power requirements:
B& K Modd WB1372 Deltatron Power Supply: 3x9V cdls
Typica “life’: >> 40 hours
LDL Model 2900: 12V (~1A)

Typical “life’:

SONY Modd PC208AXx:

Typica “life’:

40 hours if powered by separate gel-cell
11-16 hours if same gel-cell powers Sony Model PC208Ax

11to30V (~15t024 A @ 12V)
16 to 25 hours when powered by separate gel-cell battery
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11-16 hours if same gel cell powers LDL Model 2900

B& K Mode 4231 Calibrator: 4x AA cdls
TAMS Met System: 12 x AA cdlsor 12V
Typical “life’: > 24 hours on aset of AA cdls
L aptop: ~1-2A @ 12V
Typical “life": ~9 hours if powered by same gel cell astime code
Time Code: ~35A @ 12V
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Appendix D: Video Tracking System
D.1  Introduction

The video tracking system was comprised of two digitd video camera subsystems. Each subsystem
recorded aircraft events onto video tape which were processed to determine the aircraft’ s time and
position information throughout the event.

Each subsystem conssted of a Canon Optura® digitd video camerawith awide angle lens and the
supporting hardware to enable field cdibration of the system. The supporting hardware included
portable video targets, a camera support structure that permitted the camerato be rotated about all
three axes, alaser and laser mounting structure, and equipment to accurately determine the geometry of
the cdlibration coordinate system.

D.2  Sygsem Cdibration

Prior to beginning field measurements, the system was cdibrated. System cdibration meant determining
the relationship between the pixd representation of a given image and the actud azimuth and eevation
angles of that image from the center of the camera. The method of determining this rdationship is
described in this section.

The system cdibration was based on knowing both the pixe representation of a known object and the
actua azimuth and eevation angles of that object in three-dimensiond space. For this video system, the
known object was an orthogona grid projected onto an approximately 9 feet by 16 feet (2.7 meters by
4.9 meters) screen.

The heights above the ground of the upper and lower corners of the grid on the screen were measured.
The origin point on the grid was arbitrarily chosen. A laser was attached to the camera so that the
entire camera and laser assembly could be rotated and trandated on the three-axis tripod head. The
origin of the grid wasilluminated with the laser S0 that the height of the camera above the ground could
be adjusted to match the height of the grid origin above the ground. This height was noted and used in
later cdculaions of azimuth and devation.

With the camera and grid point positions known in three-dimensiond space, a transformation of the
pixels of thefilmed grid to a spherica system centered on the camerawas performed. Pixes not on the
actud grid were found from linear interpolation. No extrgpolation beyond the known grid was
performed.
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D.3 Fed Set-up and Data Collection

The two video cameras were located at Pt. Shirley and Corinha Beach. Two cdibration targets were
st up inthe field of view of each camera The locations of the cameras and the calibration targetsin
the measurement coordinate system were noted on each day of measurements. Daily notation was
required since the cameras and targets could be accurately placed in the XY plane, but the heights (2)
of the equipment would vary daily depending on the actud placement of the equipment above the
ground.

Prior to recording aircraft events, video footage of a UTC-based clock was recorded. This recording
of aprecise clock signd directly on the video tape dlowed accurate synchronization of the two
cameras. A second recording of the UTC-based clock was added to the end of the tape so that any
drift of the camerasinterna clock during the 45 minutes or so of actua footage was noted and
corrected in thefinal data processing. The cameraran continuoudy from the first UTC time code
collection, through dl the events of interest, to the second and last UTC time code collection recorded
on each tape.

D.4 Video Data Reduction

After the tracking data were collected in the field, these data were converted into aform usable by the
Volpe Center's video data reduction computer programs. These computer programs are described in
the following sections.

D.4.1 Video Data Reduction - Preprocessing and Tracking Programs

The trandation of an aircraft event from the X-Y pixd system and loca time recorded by the cameras
to the measurement time and coordinate systems used by the other processing programsinvolved
severd seps. One sat of steps dedt with the time transformation, the other dealt with the coordinate
transformation.

The time transformation involved four steps. The first step was the caculation of the difference

between the cameratime and UTC time at the beginning of the recording. The second step was the
caculation of the expected cameratime at the end of the recording using the NTSC drop code time
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frame system’. If the expected camera end time did not match the reported camera end time, then a
cameratime drift occurred. The third step gpplied alinear gpproximation of any drift to al times on the
tape. The fourth step was to use the NTSC drop code time frame system to exactly match the drift-
corrected camera timewith UTC time.

The coordinate transformation involved five stieps. The first step was to convert the X-Y pixesinto the
elevation and azimuth angles of a spherica coordinate system centered on the camera. This step made
use of the grid interpolation process discussed above. The next step was to transform this spherical
system to a normdized Cartesian system. This Cartesian systemn was then rotated twice, first about the
roll axis and then about the pitch axis. These rotations had little effect on the Corinha Beach camera,
but were important for the Pt. Shirley camerawith itslarge roll and pitch. Next, the Cartesan system
was re-trandated back to afind spherica sysem. Findly, the azimuth angles of the find spherical
system were used to find the aircraft position in the X-Y plane of the measurement coordinate system.
The postion in the X-Y plane was combined with the eevation angles of the two cameras to produce
two egtimates of the aircraft dtitude. These dtitude estimates were averaged to produce afina estimate
of the aircraft dtitude.

The output of the program was the three-dimensiond aircraft position in the measurement coordinate
system at one-second intervals. Also included were aircraft type information, data on the location of the
microphones as a function of time, and the ground surface impedance; these data were passed through
the program without modification.

D.4.2 Video DaaReduction - Emission Time Program

This program caculated the time the noise emitted by each aircraft event was received at a particular
microphone. The aircraft’'s CPA to each microphone pair was calculated, then the distance from the
arcraft to each microphone was found. The sound propagation time from the aircraft to the microphone
was found using the distance and the speed of sound as afunction of the temperature at the time of
CPA. The temperature at Snake Idand was used as the primary source of data for processing since it
was most representative of the temperature over the propagation path to each of the different
microphones. If the Snake Idand weather data were not available, the Pt. Shirley weather data were
used. Temperature is the only component of the weather data used in this program.

"The NTSC system operates at 29.97 frames per second. For frame counting, each second is
assumed to have 30 frames, except that the first second of every minute which is not evenly divisble by
10 contains only 28 frames.

D-3



Lateral Attenuation of Aircraft Sound Levels Over Appendix D: Video Tracking System
an Acoustically Hard Water Surface

The output of the program was the time the noise emitted at CPA was received by each microphone
for each aircraft event. Also included was aircraft type and location information, data on the location of
the microphones as a function of time, and the surface flow residtivity; these data were passed through
the program without modification.

D.5 System Accuracy
The video TSPl system was tested for accuracy on severd occasions using the Volpe Center’ s dGPS

TSPl system™® as areference. In genera, when compared with the dGPS, the video system was within
10 feet in each of the three axes.
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Appendix E: Ground Effects Modd

The ground effects modd documented by Tony Embleton, Joe Piercy and Giles Daigle (the EPD
model) of the Nationa Research Council (NRC) of Canada is the foundation for the updated
overground propagation effect dated for inclusion in INM*31"18, Consequently, only abrief overview
is presented herein. It isimportant to point out, however, that the EPD modd is an assemblage of
acoustic research that dates back to the works of Ingard in the 1950s'°. The derivative work most
germane to the discussion presented herein isthat of Delany and Bazley, and Chessdll®2L, Itisdso
important to note that there are other ground effects models that are based on an assemblage of Smilar
and/or identica research conducted over the years?2* 24, Many of these models will generate
identica results to those computed by the EPD modd, primarily because they are based on the above-
referenced works of Delany, et. a. The EPD modd was the primary focus of INM because of the
extensve fidld measurement validation performed in support of its development.

The basic EPD mode is defined by the following equation:

Direct Ground-Reflected
Path Path
adkno\ [ mdkno (1 R)F(w)er
P ¢ =)+ ( Rg =+ (- R)F(w) [1]
Po e klrlﬂ e Kar > 1] Kir

In Equation 1, the first term on the right-hand side represents the pressure associated with the direct
source-to-receiver sound path, and the second and third terms represent the pressure associated with
the ground-reflected source-to-receiver sound path.

The plane-wave reflection coefficient, R, in Equation 1 is computed as follows:
4 k, \

Z,sinep - Z) 1-[_12] eos’$

k3 )
Ry=

ki ‘

Z,sined +2, || 1- [ —‘2] coe’d

_ A\ ks

/1]
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In addition, the complex ground wave function, F(T ) is computed as follows':
Fw) =1+ ip Y *2e™ + erfd- i+ ) 3

In[1] through [3], p, is the pressure near the source at a reference distance of one wavelength; k; and
k, are the wavenumbers of the sound field in air and in the ground surface; Z, and Z, are the
corresponding specific acoustic impedances of the two media; r4, r,, and N are the distance from the
source to the receiver, the distance from the geometrica image of the source to the receiver, and the
angle between the specularly reflected ray and the ground surface (see Figure E-1); and T isthe
numerica distance given by the following equation:

= 2Ry é l-ﬁco
(1-.R’)cn:2¢(z|],[ ki ‘2*] [4]

Ddany and Bazley (Ref. 20) have developed expressions for the specific acoustic impedance,
Z,=R,+iX,, and wavenumber k,="",+i$,, of the ground surface. These equations are asfollows:

R, &f 0
=1+9.08—-=
r, s @
0.73
X2 f
- 119?—9
re, S @ (5]
3.2 33f 6—0.70
1
E— aef_o 059
Ky S

In the Delaney and Bazley equations, f is frequency and F is the effective flow resitivity of the ground
surface expressed in c.g.s. rayls. The effective flow resistivity used for this sudy was either 150 c.g.s.
rayls for acoudtically soft ground or 20,000 c.g.s. rayls for acougticaly hard ground. Note: for
consistency with the EPD modd, the signin [5] for the term X,/D, ¢, was changed as compared with

"A Computer implementation of the complementary error function (erfc) is presented in
Computer Approximations (1968) by Hart, et. a., aswell as Numerical Recipes (1986) by Press,
etd.
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that included in the origind Delany and Bazley Reference.

Figure E-2 presents an example of the acoudticaly soft ground effect as a function of frequency for a
rather smple source-to-receiver geometry (source height=0.31 m; receiver height=1.2 m; and source-
to-receiver distance=15.2 m). Similar figures are presented in References 13, 17, and 18 for various
source-to-receiver geometries. To ensure proper implementation of the model the data presented in
these published graphics were dl verified separately with the verson of the EPD mode implemented in
support of INM development.

Receiver

Source

Ground Z,
Figure E-1. Generic Geometry for EPD M odel
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Example Soft Ground Effect (dB)
(source height=.31m;receiver height=1.2m;and
sourceto+eceiver distance=152m)

g ¢ 7N 7
S A A
> e/ A
) ]
N ]
NI \/
-10 )i

Frequency (H2)

Figure E-2. Example Computation for EPD Modd
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