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Preface

Since its founding in 1952, the Advisory Group for Acrospace Research and Development has published, through the Flight
Mechanics Panel, 2 number of standard texts in the field of flight testing. The original Flight Test Manual was published in the
years 1954 10 1956. The Manual was divided into four volumes:

1 Performance

3 2 Stability and Control

3 Instrumentation Catalog, and
- 4 Instrumentation Systems.

As a result of developments in the field of flight test instrumentation, the Flight Test Instrumentation Group of the Flight
Mechanics Panel was established in 1968 to update Volumes 3 and 4 of the Flight Test Manual by the publication of the Flight
Test Instrumentation Series, AGARDograph 160. In its published volumes AGARDograph 160 has covered recent
developments in flight test instrumentation.

In 1978, the Fiight Mechanics Panel decided that further specialist monographs should be published covering aspects of
Volume 1 and 2 of the original Flight Test Manual, including the flight testing of aircraft systems. In March 1981, the Flight Test
Techniques Group was established to carry out this task. The monographs of this Scries (with the exception of AG 237 which
was separately numbered) are being published as individually numbered volumes of AGARDograph 300,

At the end of each volume of both AGARDograph 160 and AGARDograph 300 two general Annexes are printed. Annex 1
provides a list of volumes published in the Flight Test Instrumentation Series and in the Flight Test Techniques Serics. Annex 2
contains a list of handbooks that are available on a variety of flight test subjects, not necessarily related to the contents of the
volume concerned.

The present Volume (Vol.9 of AGARDograph 300) describes testing and analysis techniques to measure aircraft noise
primarily for purposes of noise certification as specified by the ‘International Civil Aviation Organization’, ICAO. The relevant
aircraft noise certification ‘Standards’ and ‘Recommended Practices’ are presented in detail for subsonic jet acroplanes, for
heavy and light propeller-driven aeroplanes and for helicupters. The practical execution of conducting noise certification tests
is treated in depth. The characteristics and requirements of the acoustic and non-acoustic instrumentation for data acquisition
and data processing are discussed, as are the procedures to determine the special noise measures ‘Effective Perceived Noise
Level' (EPNL) and ‘Maximum Overall A-weighted Noise Level’ (L4 ) that are required for the no:se certification of different
types of aircraft.

The AGARDograph also contains an extensive — although selective — discussion of test and analysis techniques for more
detailed aircraft noise studies by means of cither flight-experiments or full-scale and model-scale wind tunnel experiments.




Préface

Depuis sa création en 1952, Ie Panel de la Mécanique du vol, sous Uégide du Groupe Consultatif pour la Recherche et les
Mhﬁms“«mﬂalpuﬂ“.ncminmbudueneaq\ﬁfnmmmﬁtédmsledmainedaauisenvol. Le Manuel
des Essais en Vol a é1¢ publié pour la premiere fois dans les années 1954—19356, 1l comportait quatre volumes i savoir:

1 Performances

2 Swubilité et Contréle

3 Caulogue des appareils de mesure, et
4  Systémes de mesure.

Les navations dans le domaine des appereils de mesure pour les easais en vol, ont conduit i recréer. en 1968, le groupe de travail
surlaappudhdeuwupourlumenuﬂpourpennemlamﬁuijourdeavolumes3el4.l.gsmvauxdugmnpeom
débouché sur I'édition d'une série de publications sur les appareils de mesure pout les essals en vol, FAGARDographie 160. Les
différents volumes de 'AGARDographie 160 publiés jusqu'a ce jour couvrent les derniers développements dans le domaine.

En 1978, le Panel de ta Mécanique du vol a signalé l'intérét de monographics supplémentaires sur certains aspects des volumes
1 et 2 du Manuel initial et notamment Jes essais en vol des systémes avioniques. Ainsi, au mois de mars 1981, le groupe de travail
sur les techniques des essais en vol a été recrée pour mener a bien cette tiche. Les manographies dans cette série (2 I'exception
de la AG 237 qui fait partie d'une série distincte) sont publiées sous forme des volumes individuels de TAGARDographic 300.

A I fin de chacun des volumes de TAGARDographie 160 et de 'AGARDographie 300 figurent deux annexes générales.
L'annexe 1 fovmit Ia liste des volumes publics dans la série “Appareils de mesure pour les essais cn vol” ct dans le série
“Techniques des essais en vol”. L'annexe 2 donne la liste des manuels disponibies sur les mémes themes dans le domaine des
essais en vol, qui ne ont pas forcément en rapport avec le contenu du volume en question.

Ce volume 9 de 'AGARDographie 300 décrit les techniques d'essai et d'analyse mises en ocuvre pour le calcul du bruit généré
par les aéronefs, principslement aux fins de la cestification acoustique, conformément aux indications de 'Organisation de
TAviation Civile Internationale (OACT). Les normes et les pratiques recommandées appropriées dans le domaine de la
certification acoustique des aéronefs sont présentées dans le détail, pour ce qui concerne les avions i réaction subsoniques, les
avions a turbopropulseur lourds et légers et les hélicoptéres. Les aspects pratiques de la réalisation des essais en vue de
'homologation acoustique sont traités de facon approfondie. Les caractéristiques et les spécifications des appareils de mesure
acoustiques pour la saisie et le traitement des doanées sont examinés, ainsi que 'es procédures adopiées pour les calculs
spécifiques du “niveau effectif de bruit percu™ (EPNL) et du “niveau maximal global de bruit pondéré A™ (Lpa.ma) Qui sont
demandés pour Ia certification acoustique de différents types d'aéronefs.

Cette AGARDographic présente également unc synthése i la fois approfondic, judicicust et trés détaillée des techniques
d'essais et d'analyse propres a des études de bruit faisant appel 4 des essais en vol ou cn souffierie soit a vraie grandeur, soit a
échelle réduite.
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Typical pressure time history traces for periodic/impulsive and stochastic/broadband
noise

Dual-channe! graphic level recorder (B&K type 2309)

Response to a 20 ms tone burst at various detector time constants ‘impulse', ‘'fast',
'slow’

Respouse of rectifier to tone burst of varying duration
Several types of Sound Level Meters (B&K)

Meoasuring amplifier (B&K type 2610)

Real time analyser (B&K type 2133)

FFT narrowband real time spectrum analyser (BLK type 2033))
Waveform analyser (Hewlett Packard Model 3562A)

XY-plotter (B&K type 2308)

Example of flight height and lateral deviation photographic check pertaining to "valid"
and "invalid" test flight

Principle of height/lateral/longitudinal deviation and overground speed determination
by means of 2 vertically orientated cameras

Photo overhead positioning ("POP") system

ASCANIA Kinetheodolite 61 E

Measurement geometry in flight tracking by means of 2 Kinetheodolites {(from Ref. 7}
DLR Laser transmitter/receiver

Retro-reflector attached to underside of aircraft

Radar tracking transmitting/receiving antenna (DLR)

Transponder layout for Microwave Airplane Positioning System (from Ref. 13)

Launching of tethered radio sonde for meteorological sounding (used by NASA Langley
at Wallops Flight Center)

Schematic of monitoring atmospheric parameters above test site by means of a probing
aircraft (from Ref. n?

Camera-recorded cockpit instrumentation panel indications at time instant when ground
based camera trigger pulse was released

Resonant reed tachometer (FRAHM)

Dornier-developed "Flight Log": an airborne true flight speed and aircraft angle of
attack/sideslip indicator

Internatl structure and housing for airborne temperature or humidity sensor
(ROSEMOUNT)

Humidity sensor elements (VAISALA))
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3.39
3.40
3.41a
3.41b
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3.52
3.53
3.54

3.55

3.56
3.57
3.58

4.1a
4.1b

4.1c
4.2

4.3
4.4

4.5a
4.5b
4.6

4.7

4.8

1-inch-diameter condensor microphone embedded in concrete runway surface
Airfield in the UK with 3 runways used as flight noise measurement test site
Typical test set-up and cabling mn'p for aircraft notse test

Microphone with wind-ball on 1.2 m high stand

Inverted microphone configuration (left: early version; right: specified version)
Microphone array on 10 m high poles

Precision Approach Path Indicator "PAPI" (BARREL LIGHTING CO)

Possible flight pnth deviations of between 8.0° and 10.0° with double PAPI-system set
at angle 9° +/- 0

Recording time sequence
Typical "flight-log" as generated by observer/co-pilot
Typical note-pad page from meteorological ground station

Flyover A-weighted noise level time histories for propeller-driven aeroplanes of
different take-off mais and engine powers at a flight height of 300 m

Time history of typical daytime ambient A-weighted noise level ("background noise")

Mach number (or temperature, respectively) correction through "in the field-method" by
means of repeated flights at different propeller RPMs (after Ref. 21)

Typical helicopter flyover A-weighted noise level time histories at microphone locations
'sideline port', 'centerline center' and 'sideline starbord' for certification procedures
'take-off', 'level flyover' and 'landing approach'’

Typical helicopter A-weighted noise level time histories at microphone location
‘centerline center' for 6 nominally identical ('take-off') flyovers

Spectral corrections (in dB) of the data recording/reduction system
Typical flyover 1/3-octave band spectrum

Typical PNLT-time history for take-off flyover (each of these 51 data-points corresponds
to just one evaluated 1/3-octave band spectrum, as shown in Fig. 3.53)

KTH-determined helicopter take-off flight trajectory in the ground-plane and the
height-plane in relation to the reference profiles

Summary of exemplatory measurement results for a helicopter take-off procedure
Noise sensitivity curves for three medium weight helicopters

Determination of noise sensitivity curve through dedicated flight tests for purposes of
source noise correction

German Dutch Wind Tunnel (DNW) in the open test section configuraiion

ONERA CEPRA-19 acoustic wind tunnel, a facility of CEPr (Centre d'Essais des
Propulseurs)

Boeing Large Scale Anechoic Test Chamber

Schematic of generalized noise data base acquisition for use in the noise certification
of the "flight datum aircraft" and then for 'derived version aircraft"

Spherical intake flow straightener

De-Dopplerization of high-speed/low-altitude flyover jet-aircraft noise signature
(from Ref. 24)

Microphone array on Cessna propeller aircraft
Microphone nose-boom on Fairy Gannet aircraft

Airborne test set-up to compare several microphone/nose-cone arrangements for
self-noise generation on a glider plane

Comparlmn of normalized self-noise spectra of ogive-nose-cons equipped
microph of different diameters

Frequency splitting in the noise from a Hamilton Standard Gannet counter rotating
propeller operating at slightly different RPMs (from Ref. 31)
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Fig. 4.9 Counter-rotatit.g propeller circumferental directivity at blade passage frequency and
: higher harmonics (from Ref. 31)

Fig. 4.10  Test aircraft Cessna T20Y with microphones for propeller near field noise studies 3
Fig. 4.11  Procedure to uxtract the “cloan" propelier noise signature from a signature containing »,
both propeller and engine ealiaust cuntributiens {from Ref. 32) Ed
3
Fig. 4.13  Flyby testing: Formation flight of test-propeller-seroplane (rear) and measuring glider %
aeroplane (front) 5
Fig. 4.13 Propeller noise pressure time histories as obaserved at angles 'forward’, 'in-plane' and
‘rearward’ during flyby with propeller "hol = 0.79 (from Ref. 33)
Fig. 4.14 Change of ﬁropellor retational frequency due to the Doppler-effect during level flyover
: as observed on the ground (from Ref. 34) .
Fig. 4.15  Dependence of sample time 'Delta t' and analysis bandwidth 'Delta f' on the frequency
& band range . }
Fig. 4.16  Flyover noise narrowband spectra with propeller and engine contributions "
(from Ref. 34) i
v Fig. 4.17 A-weighted flyover noise time histories for 'propeller', 'engine’, 'sum of both', and
- ; 'total memsured includirg other sources' (from Ref. 34)

Fig. 4.18 {a) Schematic represention of ground reflection interference problem ;
(b) Appearance of the direct (D) and ihe ground reflected (R) signal on a microphone
positioned scme distance above the ground

Fig. 4.19 Normalized res:rosontauon of interference function referenced to freefieid condition
(from Ref. 40

\ Fig. 4.20 (a) Example of coincidence of ground weflection-caused amplification and attenuation
R pattern and propeller harmonic frequencies from flyover measurements;

! {b) Example of off-set umplification/attenuation pattern with respect to harmonic

: spectrum from flyover measursments (from Ref. 40)

Fig. 4.21 Ground reflection interference function for different microphone heights above ground
(from Ref. 40)

Fig. 4.22 Helicopter-mounted awivelllng microphones for nearfield noise studies
{Bell-Helicopter/Textron test

Fig. 4.23 Main rotor pressure time history measured through helicopter nacelle mounted
microphones (from Ref. 42)

Fig. 4.24 Formation flight measuring technique for helicopter in-flight noise research (US-Army)

Fig. 4.25 Microphone on companion aeroplane sensing both main rotor blade ./vortex-interaction
and tail-rotor acoustic signal

- Fig. 4.26 Suppreasion of tail rotor contributions by trigger-locking onto main rotor signal

Fig. 4.27 Comparison of two unaveraged and one (84-times) averaged sound pressure time
histories for time span of one rotor revolution

Fig. 4.28  Acoustic mirror microphone for model jet noise source localization studies in the DNW
(from Ref. 46)

' Fig. 4.29 Downstream shift of loudspeaker generated tone source location in a hot model jet
; (from Ref. 46)

Fig. 4.30 Jet noise source location at '6 kHsz for & 6 om diam. hot jet of 530 m/s speed
(from Rsf. 46)

e a2

Fig. 4.31 Downsiream shift of jet noise sources (from Ref. 46)

Fig. 4.32 Propeller noise test set-up in the German Dutch Wind Tunnel

+

Fig. 4.33  Front view of inflow microphone arrangement in the DNW
Fig. 4.34  Bang-test results for inflow microphone reflection check after exploding charge

Fig. 4.35 Comparison of (a) unaveraged and (b) averaged propeller noise time history with
ansuing narrowband speiira

Fig. 4.36  A-weighted overall rotational noiss levels va. helical blade tip Mach number as
measured in the plane of rotation and referenced to & source/receiver distance of one
propeller diameter (frum Ref. 81)

Fig. 4.37 Effect cf inflow angle of attack into a propeller plane (from Ref. 82)
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:,._ Fig. 4.33  Normalised A-weighted overail rotational noise levels vs. helical blads tip Mach number
for different propeller plane attitude angles

Fig. 4.39  Model main rotor test stamd with ground-pylon support (US-Army/DLR test)

Fig, 4,40 Comparieon of upstresm inplace pressure-time histories for one blade-passage from wind
tunnel model tests and full-scale fiight tests (from Ref. 5¢ and 885).

! Fig. 4.41  8Vi-impulsive noise pressure waveform comparison for model and full-scale at (a) low
and (b) high advance-ratios

Fig. 4.43a 40% model-scale belicopter main rotor test sst-up in the DNW
Fig. 4.41b Same main rotor iyuon as in previous figure equipped with compatible tail rotor

H Fig. 4.43  Blade vortex interaction contour plots under matn rotor system as shown in Fig. 4.42a
(from Ref. 60)

Fig. 4.44 Acbu.uc pressure time histories under main-rotor/tail-rotor

Fig. 4.45 Kkxtraction of tail-rotor noise contribution only from a main-rotor/tail-rotor model
experiment

N Figures in the Appendices

N Fig. A-l Flow chart to determine flyover noise EPNL-values

Fig. A-2 Contours of Perceived Noisiness

Fig. A-3 Flow chart: tone correction for EPNL computation

; Fig. A-4 Definition of time duration within PNLT time history plats
Fig. A-5 Idealized PNLT flyover time histories

Fig. B-1 Maximum permissible standard deviation s_ and resulting standard error of the mean
s_ as function of the number of flyovers for a 90% confidence limit not exceeding
+7-1.5 dB.

Fig. B-2 Typical propeller aircraft flyover noise levels with (a) very small and (b) very large
standard deviation and respective minimum required mean level differences for signifi-
cance Doltao 05

Fig. B-3 Areas of signilicant level differences Delta for error probability of 5% as function

of standard deviation s, vs. number of HM rs N[

Fig. B-4 Precision data 'Repeatability r' and 'Reproducibility R' for 8 propeller-driven aero-
planes (A to H)

. Fig. E-8 Confidence limits based on 'Repeatability r' from replicated tests and 'Reproducibility
R' for 8 propeller-driven aeroplanes (A to H)
Fig. E-1 Example of a statistical frequency distribution of EPNL values in 1 dB classes

Fig. E-2 Naximum permiasible standard deviation s_ as function of the number of flyovers
("sample size") for a 90% confidence limit*not exceeding +/- 1.5 dB
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Terms and Abbreviations
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AC Alternating Current
ACA Alrworthiness Certificate Application
A/D Analog to Digital
AIR Asrospace Information Report
ANNEX 18 International Standards and Recommended Practices "Environmental Protection”,
ANNEX 18 to the Convention on International Civil Aviation
APU Auxiliary Power Unit
! ARINC (Multiplexer Unit) by Aeronsutical Radio Inc
BMV German Ministry of Transportation
BNC Designation for type of shielded coaxial cable
* 5 BPF Blade passage Frequency
; Bv1 Blade/Vortex Interaction
; CAA (British) Civil Aviation Authority
CAEP Committee on Aviation Environmental Protsction (Body of ICAO)
CAEP/1 First Meeting of CAEP (in 1986)
CAN Committee of Aircraft Noise (Body of ICAO)
‘ CAN/1 First Meeting of CAN
CAN/2 Second Meeting of CAN, etc
CAS Calibrated Airspeed
CRP Counter-rotating Propeller
D 10-dB-down time (duration correction factor)
D/A Digital to Analog
oc Direct Current
DLR Deutsche Forschungsanstalt fiir Luft- und Raumfahrt
) DNW Deutsch-Niederlindiacher Windkanal (German Dutch Wind Tunnel)
Dot (US) Department of Transportation
DR Direct Recording
EDVE Designation of Braunschweig Airport
EPNL Effective Perceived Noise Level (also sometimes called I‘EPN)' in units of EPNdB
FAA US-Federal Aviation Authority
; FFT Fast Fourier Transform
L FM Frequency modulated
GA General Aviation
GMT Greenwich Mean Time
HTM Helical Propeller Blade-tip Mach-number {(also sometimes called M, )
HPDA Heavy Propeller-driven Aeroplanes - refers to propeller-driven seroplanes over
8700 kg or 9000 kg, respectively, maximum certificated take-off mass
HPNOR Highest Power in the Normal Operating Range
HS Righ Speed (used in the context of rotor impulsive noise)
1A8 Indicated Airspeed
ICAO International Civil Aviation Organisation
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INS
IR1G
18A
18LN
KTH
LED
LPDA

Lgen
Loae
adv

MAPS

Mhe
MCP

PNLT
PNLTM

Inertial Navigaticn lnu-

Inter Range i;totrﬁu;ut;lton Group (type of recording bandwidth)
International Standard Atmosphers

Integrating Sound Level Meter

Kinatheodolite

Light Emitting Diode

Light Propetler-driven Asrdcplanes - refers to propeller-driven asroplanes not
exceeding 8700 kg or 9000 kg, respectively, in maximum certificated take-off mass

Effective Perceived Noiss Leve)l (also sometimes called EPNL), in units of EPNdB

1-second equivalent energy noise level (aleo called Sound Exposurs Level, SEL and
previously oiten termed L,,), in units of dB

Advancing (rotor blade tip) Mach number

Microwave Airplane Positioning System

Helical Propsller Blade-tip Mach-number (also sometimes called HTM)
Maximum Continous (Engine) Power

Maximum Certificated Take-off Weight

Maxii;um Certificated Take-off Mass

Maximum Normal Operating Power

Maximum (Engine) Power in the Normal Operating Range
(US) National Air and Space Administration

(British) National Gas Turbine Establishment

(Dutch) Nationaal Lucht- &n Ruimtevaartlaboratorium
Noise/Power/Distance

Overall Sound Pressure Level

On-board Processor

Precision Approach Path Indicator

Pulse Code Modulated

Propeller-driven Aeroplane

Perceived Noise Level, in units of PNdB

Tone-corrected Perceived Noise Level, in units of TPNdB

Maximum Value of the Tone-corrected Perceived Noise Level (occuring during a
flyover) in units of TPNdB

Photo Overhead Positioning (System)

Precision Sound Level Meter

Physikalisch-Technische Bundesanstalt

Pressure Time History (also referred to as 'Wave Form')
Rate of Climb

Relative Humidity

Root Mean Square

Rotational Spesd per Minute

Real Time Analyser

Socisty of Automotive Engineering
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VHF

Mandard and Recemmended Practice (1. the ICAO ANNEX 18 document)
Seund Bxpesure Level

Signe! te Nelse (Ratie)

Sound Lavel Meter

Side line nelse leve!

Nart/swop Detaster

Short Take-off and Landing Aircrait
Strovhal lumber {(dimensienless frequency)
Ambient Air Tempersture

True Airspeed

Technical lssues Sub Group (Body of ICAO)
Tragliigel Neuer Technologie

Take-off Mass

Take-off Power

Take-off Weight

Ultrahigh Frequency (Range)

Univeraal Time Code

Very High Frequency (Range)

Working Group within CAN or CAEP
Westland Helicopter Ltd. Company
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Symbols

a speed of sound (wm/s)
¢ spevd of sound (w/a)
L power coefficient
C(t) or Cik) tone correction factor (dB)
d distance (m)
D propeller diameter (m)
D duration correction factor (2 “10-dB-down time") (d8)
D distance to clear 13 m high obstacle after brake-release at take-off
4 degree of freedom, N-}
L net thrust (N)
h microphons height above ground (m)
height above ground (usually of aircraft) (m)
i band number of spectrum
k denotation of flyover number
X proportionality constant
Lp sound pressure level (dB)
LPA A-weighted sound pressure level (dB)
t‘pAS sound exposure level (dB)
l‘pks A-weighted sound pressure level m ed with detector time constant 'slow' (dB)
L} Mach-number ~ V/c
“hel helical propeller blade tip Mach-number
n Perceived Ncisiness (noy)
nik) largest value of Perceived Ncisiness (noy)
alisk) band{i)-related Perceived Noisiness of the kM flyover {noy)
N sample size (e.g. total number of flyovers)
N rotational speed ™
W(k) total Perceived Noisiness of kP flyover (noy)
p sound pressure level (N/m')
P engine power (W)
x weasurement distance (m)
K, reference distance (m)
r distance (w)
r Repeatability
R Reproducibility
. standard deviation of a sample
s variance of a sample
8 dimension
"hl test quantity in statistical evaluations after 'Student'
Y time instant when PNLT first excesds (PNLTM-10) (s)
Y time instant after which PLNT remains less than (PNLTM-10) (s)
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asbient air temperature (°C er K)

time osastant {fer 20N .-cemputation 10 s; for l.“-oeqwuuon 1)
wne burst repetitien rate (s)

confidenee ltmit (4B)

fiight speed or tunnel flow speed (w/s)

propeller ulade tip retations! spesd (w/8)

airepesd in level flight using torque at minimum installed, maximum continuous
engine power (w/s)

never exceed speed (w/s)

stalling speed of aircraft (wm/s)

tposd for best climb (w/s)

flight epeed or wind tunnel flow spead (w/e)
safe take-off specd (m/s)

wmean of a sample

per unit length atmospheric sound attenuation (dB/100m)
error probability

blade pitch angle (degrees)

local blade incidence angle (degrees)

“Delta” & correction term

angle between flight path and sound emission
direction (“emission angle" (degrees)

wave length (m)

advarce ratie

mean of the ‘ota! population

air densivy (kg/m*®)

atandsrd deviation of the total peonulation
variance of the total population

witain test variance

betwesn test variance

reproducit ity varian:.s

Cetecrer thee ccastam (s)

propelier rotational plane inclination (degrees)
angular velocity )
arimuthal angle (degrees)
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( This AGARDograph descrides testing and analysis techniques to measure aireraft noise primarily for

- purposss of nolee certification as specified by the 'International Civil Aviation Organiszation',
ICAG. The relevant aircraft noise certification 'Standards’ and ‘'Recommended Practices' (as defined
in ICAO "ANNEX 16") are presented in detail for subsonic jet asrcplanes, for heavy and light pro-
peller-driven sercplanes and for helicopters. The practical execution of conducting noise certifi-
cation tests is treated in depth. The characteristics and requirements of the acoustic and non-

acoustic instrumentation for data acquisition and data processing are discussed, as are the pro-

determine the special noise messures 'Effective Perceived Noise Level' (EPNL) and 'Maxi-

cedures to
rtification of dif-

mum Overall A-weighted Noise Level’ (L’A‘-“) that are required for the noise ce
ferent types of sircraft.

- discussion of test and analysis

This AGARDograph alec contains an extensive - although selective
r flight-experiments or

techniques for more detailed aircraft noiss studies by means of eithe
full-scale and model-scale wind tunnel experiments.

s AGARDograph provide supplementary information on certain aspects of noise certi-

Appendices to thi
a discussion of an "acou-

fication, such as the calculation of the KEffective Perceived Noise lavel,
"_gvaluation and the aitainable precision of flyover noise measurements, a comparative

stical change
pes and categories of aircraft,

representation of noise certification specifications according to ty
tables concerning the atmospheric sound attenuation and a discussion on the validity of aireralt
noise data, as obtained through very few flyover measursments. Del.nitions of several notiona re-

lated to noise testing and analysis are aleo provided.

1. 14TRODUCYION

1.1 Sospe of AGARDegraph

This AGARDograph on aircraft noise mesasurement and analysis techniques is primarily intended to
astist the flight test enginesr in his effort to prepare, conduct and evaluate a teat program for the
dotermination of the nolss radiated by flight vehicles in compliance with established noise certifica~-

tien precedures.

[P R PR S

Atrorsit melse certification has but ons cbjective: to determine an alreraft-specific noise certifi-
oation level ts be aseesssd against a given moise limit. For this purpess the aircraft to be tested
files over eoe or saveral microphemes, positioned directly urder the flight path or to the side of
the Tiight treck. Depending on the type or category of the aircreft, it must execute a number of
wnym-nmw(uuumunmwm(wmam)npmu..
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ly defined cperational osnditions. The flyover nolee is measured and corrected for any deviations
from the reforence flight path or reference operatienal and atmosphetic conditions that may have
occurred during the Wet. Fer each of these flight procedures, the corrected fiyover nolse levels are
then averaged over all valid test-flyovers, to yleld the final “certification level”.

Although the ICAO-gpecifications within any particular test procedure require only four f(siz at
most) "valid® flyovers, Siemingly a rather minor offert, certification \esting is in reality & very
involved, labocious and time-consuming undertaking. Surveying and preparation of the test site,
equipment sciaction, check, set-up and calibration, pretest: familiarization flights for the benefit of
the pilots sud the messurement crew, delailed weather cbesrvation in addition to the sometimes
extremely complex acoustic and non-acoustic data acquisition in the field, as well as the subse-
nuent data analysis require a very gosd oversll understanding of the entire procedure by the
responsible test engineer. it is for this reason that this AGARDograph treats all relevant subjects
in rather great - and hopefully sufficient - detail to provide the test engineer with enough guid-
ance to plan and conduct a well thought-out noise certification test.

Tiie acope of this AGARDograph goes, however, beyond the certification aspects. it an aircraft does
not pass a noise tast, it is important to understand why this “failure” sccurs. In auch a case It {8
often helpful to identify und isclate these particular sources that are responatble for the “excess"
nolas. Dedicated flight neise teets are indicated that will semetimes slso provide information on
changes in the aircraft configurstion or in the propulsion aystem which can reduce the acoustic
radiation. Such tests sre usually wore comprshensive and cover s wuch broader range of parawmric
variations than would be necessary for certification purposes.

Comprehensive flight noise tests are, however, inherently expensive. There sometimes are other -
less involved - test techniques to obtain the required information, such as “equivalent testing pro-
cedures” (still using real aireraft) or scale-model tests - at times even full-scale - in appropriate
wind tunnels. Tunnel testing - in the author's opinion - plays an importsat role in furthering the
understanding of the aercacoustics of individual aircraft-related noise generators (propellers,
rotors, jets). Such in-depth testing will not only provide data for improving certification proce-
dures and making them more efficient and accurate, but will - in the end - perhans even allow the
establishment of more stringent noise limits that are based on technical progress rather than wish-
ful thinking. Discussing in detail the advantages and disadvantages of flight and wind tunnel
experiments using selected examples that are not specifically undertaken in the context of noise
certification testing and analysis is therefore also considered an important objective of this

AGARDograph.

1.3 Content of AGARDegraph

This AGARDograph deals with flight vehicles only, specilically with fixed-wing subsonic aireraft
and helicopters. It is restricted to exterior noise as radiated individually from these types of air-
craft. The weasurement of interior noise in *he aircraft and the vast area of noise contouring
around airports are outside the scope of this AGARDograph. The subject is treated in three major
sections:

o Nolse Certification of Aircraft - Legislative Aspects: ICAO-ANNEX 16;
o Noise Certification Flight Testing and Analysis Techniques;
o Flight and Wind Tunnel Noise Testing for Research and/or Development Purposss.
The first Section discusass the legal sspects and a number of technical and procedural aspects in

mmm\dﬂ—hﬂm. Woavy propelier-driven asveplames, light prepel-
lor-driven sereplanes and helicepiers, as specified by the International Civil Aviation Organisation.
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he sesend Beetion treats - In greater depth -~ test and anslysis techaiques for the nelse csrtifica-
tsn of thess types of aircraft. Btarting with scsustic and nen-acsustic (metssrelagical awd Night-
traching) insteumentation, this section eentinues with a discussien of test preparsiien. equipment
solostion and laboratory pre-cheoks, including aspects of the optimum tesi-site eelection, equipment
deployment, fisld-communication, test-enceution, data aequisition and on-line data reduction,
conclude with off-line (laberatery) data analysis and interpretation.

The third Seetion deals with apecial flight experiments empleying subsenic jet-ssroplanes, propeller-
siroraft and helicspters amd with corresponding jet, prepeller and retor expsrimenta in wind-tun-
nels. This sectien illustrates Mew flight and wind-tynnel tests can help o investigata flight nolee
problewms that go beyond the scepe of a standard neise certification test.

Appendices to this AGARDograph discuss (A) the calculation of the ‘Bffective Purceived Nolse Level',
(B) the statistically correct evaluation of “acoustical changes”" on aircraft and the precision of fly-
over nolse measurements and (C) commonalities and differences in the nolss certification of aircraft
according o \ype and categery. Additional Appendices provide {D) atmespheric attenuation coeffici-
onts as function of humidity and temperature which are necessary to cemputs the attenuation of
sound as it propagates through the atmosphers, and deal with (E) the establishment of the validity
of flyover noise test results.

Specials sections at the end of this AGARDograph explain acoustical terms and symbols used.

1.3 Disclamenr
Namea of manufacturers and of technical equipment are given only for purposes of i{llustration and

as typical examples. Naming squipment suppliera and special items is not intended as an endorse-
ment for certain products. Equipment of comparable quality is avatlable from other manufacturers.

2. NOISE CRRTIFICATION OF AIRCRAFT

2.1 Iatreduction

The noise generated by an aircraft undergees significant changes as it propagates towards an ob-
server on the ground. In genaral terms, the “"art" of measuring aircraft noise lies in properly
sccounting for the effects of all non-noise-scurce-related disturbances in order to determine the
“true" source noise level (i.e. the noise as emitted by the aircraft). Only on the basis of the
accurately detsrwmined true source noise (whereby the degres of accuracy required way well very)
will it be poasible - for example - to make noiss-comparisons between aircraft.

In nolss certification it is, however, the noise as recsived by an obesrver standing on the ground
and listening to an airoreft in flyover (i.e. the immitted noise) that is of primary interest. In
this case the souroe directivity and the diatance aircreft/cbesrver at the time when the acoustic
signal is smitted must be sccounted for. The neles from an aircraft is not necessarily loudest when
the .aircraft is directly everhead; aivcraft noise frequently reaches a maximum when the aircraft is
approaching or receeding. Moreover, atmospheric and spherical spreading losses account for the
atisnuation of sound as it propagates away from the aircraft; hemce distance has a aignificant
olfost on the neise level as ebeerved em the grouad.

Theve are aumerens additional influsnces that may have affected the neise before it reaches the
chosrver's oar (or the microphame): wind way have blowa the noles towarde or away fram the
shesrver, wearby veflesting surfaces, such as buildings er tress, er - quite importantly - the
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greund the sbeerver stands en, may incresce or reduce the neise. Atmcspheric turbulence of dit-
forent seale refracts and scatters the sound waves, 48 Wmay temperature-gradients along the sound
prepagation path. Atmespheric hymidity may absord some ssund frequencies more than others, thus
changing the spectral characteristics of the sound. All thess parameters are afreraft-independent;
thay must be evaluated and undersicod In their quantitative eftects (o eliminate their influence.

In addition, ever present background noise mingles with the aircralt neise, at times sven obacuring
it and making its detection {and msesurement) difficult. Wind may aleo affect the path of the aie-
oraft iteelf, especially if the aircraft is light in weight. In that case the inatantanecus distance of
the aireraft to the observer changes semetimes in a rather sreatic wnanner.

Fig, 3,1 illustrates the typical scenario for measuring aircraft noise and provides some feel for the
“hardship®, the et engineer will be in for.
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Fig. 2.1 Aircraft noise weasurement scenario

Airoraft noise is alee influsnced at the source by ambient conditions: for example, temperature par-
tially determines the Mach-number {ratio of a typical speed, such as a flight speesd or a rotational
opoed and the ambient apesd of sound in air) which in turn affects the noise generation process of
an aircraft-propellier or of a helicopter-rotor; air-pressure affects the power and thus the noiae-
output of piston- or gas-turbine-engines or may influence the thrust of a jot engine and thua again
the nolse.

As stated already, in the prroess of aircraft noise cortification the noise level must be determined
as it occurs on the ground, with the effects of all non-aircraft related parameters accounted for
including the distance (i.e. spherical spreading attenuation effects). Gince the neise is measured on
the ground, rather than in the immediate neighberhood of the flying aircraft (which is sometimes
the better appreach), all such parameters wust be determined and appropriate corrections be
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applied in order to obtain a characterizsing noise level of the aircraft. How this is done, is largely
the subject of this AGARDograph. :

over a sufficiently extended flyover time and over a wide frequency range using one or ssveral

microphones that are positioned along or orthogonal to the aircraft's flight path, depending on the :
type or category of the aircraft. Normally, the scund-signals are recorded for later laboratory ana- ;
lysis. During the actual measurement the aircraft must follow a precisely specified flight-path. At :
the same time the important aircraft flight and operational parameters are monitored and meteorolo- !
gical information is gathered at the test site and along the sound propuiuon path,

b

ior this purpose the immitted acoustic signal from the aircraft flying overhead must be measured 3
p

§

5 The transient and unsteady sound signal will usually be processed in one of two ways. For light
propeller-driven aircraft, for examgle, only the 'maximum A-weighted noise level, L A,mnx' during
flyover is of interest. Determination of the LpA.mu requires next to no analytical effort. In prin-
ciple it can be obtained directly from a visual read-out on a (precision) sound level meter, either
on-line in the field or off-line in the laboratory from the recorded data. Only wminor corrections are
necessary to errive at the actual certification noiss level. Heavy propeller-driven aeroplanes, sub-
sonic jet aircraft and helicopters, on the other hand, are acoustically evaluated in terms of the
'Effective Perceived Noise Level, EPNL'. Determinatior of the EPNL necessitates a computer and is a
fairly complex analytical procedure. Computation of the EPNL will be explained in detail in
, Appendix A to this AGARDograph and the reader is encouraged to refer to this Appendix whenever
. the subject of noise measures is encountered. An example of an EPNL determination will also be
provided in Section 3.6.2 of this AGARDograph. A very brief explanation of the two noise measures
['pA and EPNL is given in the following:

The human auditory system responds to frequencies from approximately 16 Hz to 16000 Hs. The ear's
sensitivity varies, however, with frequency: it is rather insensitive at very low and very high
frequencies, but very sensitive at frequencies in between. This is exemplified in Fig. 2.2 where
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contours of ‘squal loudness for pure tones are shown. For example, a 1000 Hs tone of 50 dB appears
as loud as a 20 Hz tone of 95 dB or as a 8000 Hx tone of 57 dB. The ear is most sensitive between
3000 and 4000 Ha.

This ssnsitivity is now accounted for by the A-weighting curve (which is & very rough approxima-
tion of an inverse loudness contour), as shown in Fig: 3.3. A-weighting thus de-smphasizes spec-
tral portiens below 800 Hz and above 5000 Hz, while smphasizsing those in the frequency range from
1000 Hz to 4000 Hz, without regard, howsver, to the absolute noise level. Subjecting any noise to
A-weighting therefore emphasizes the most sensitive frequency regime of the human auditory system.
It is wurth mentioning that the noise measure "‘pA' correlates rather well with "annoyance" caused
by noiss, which is frequently defined as "unwanted sound". There are other weighting curves, such
as C-weighting which is sometimes ussd to de-emphasize the very low frequencies (such low
frequencies may be a problem on & microphone in the open when the wind blows at it).
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Fig. 2.3 A-weighting and C-weighting Curves (Frequency Response Characteristics of SLMs)

Computation of the EPNL requires the determination of sound pressure level 1/3-octave band spectra
over a large frequency range (from at least 25 Hz to 10000 Hz) at 0.5-second fixed time intervals
over a time span that covers the period where the aircraft's flyover noise is within 10 to 15 dB
below the maximum. Each of these spectra (typically between 30 and 60 for each flyover event) is
individually subjected to a level-dependent noise-weighting - somewhat different from an A-weight-
ing but again in correspondence to the human perception of sound. Each spectrum is further indivi-
dually corrected for distance effects (since the actual distance aircraft/observer continually changes
during the flyover) and for atmospheric attenuation effects; finally an adjustment is made for the
presence of pronounced tones within each spectrum to arrive at the composite noise-measure. Obvi-
ously, the EPNL cannnt readily be determined on-line in the field, but requires data storage and
off-line computer analysis. Modern equipment allows, however, the determination of an EPNL-value
in near real time, so that the validity of a flyover event - as far as the final noise measure is
concerned - can be established within a few minutes of the test.

It should be well undprltood that in measuring aircraft flyover noise one cannot expect the same
acouracy and npnnlilmy as in other areas, such as in aircraft performance measurements, for
example. In fact the question of repeatability in flyover noise measurements is a very serious issue
and the quest for repeatability is one reason why certification norms are so detailed, as will be-
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come Quite clear in the following sections of this Chapter. For pn_guul reasons, the number of
Niyover noiss mensureierits. {s Mmited, eertainly to an extent that large number statistics éannot be
applied. As -m«l bolon. 4 to 8 valid test flights is all that is vequired for' any particular noise
certification prohduu. mndix B to this AGARDoguph is therefore devoted .ts the problem of sta-
tistical accuracy and repestability in measuring aircraft noise with small sample size.
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The t\l.m tut and analysis preem for utrcrln noiu-comﬂcnion have been developed by the
'lnmuon;l Clvtl Aviation - mluuon' {ICAO) within the last two decades. For this purpose,
ICAQ" hld inltlt\!hd Y lpiehl body, the 'Committes of Aircraft Noiss' (CAN), which has been re-
spongible for dmlbplng. -and l-sl'ovin. ‘the. noise certification procedures for all types of
aircpaft. In the courass ol Lide tlna'n hm been 7 major CAN-mestings (CAN/1 to CAN/7) every two
to thies yesra. In 1983, Cﬂ bnn renamed ‘Committee on Aviation Environmental Protection’
(CARP) to reflect its broader scope, which now covers all kinds of aircraft emissions (including en-
gine‘exhaust gases). The first (and most recent) meeting of CAEP ("CAEP/1") occurred in 1986, and
this AGARDograph essentislly reflects the state of noise certification as of this date, taking however
all amendments since that time into account.

Noise-certification "Standards" and "Recommended Practices" (so-called 'SARPs') for subsonic jet-air-
craft-and heavy propeller-driven asroplanes were first issued more than 15 years ago. Correspond-
ing SARPs for light propeller-driven aeroplanes were introduced in 1978, and for helicopters in 1981
(Fig. 3.4).. Approximataly 180 sirfaring states pressntly contract to ICAO. Here, the term "contract"
implies that such states in their national noise legislation sdhere to ICAO SARPs. No state is forced
to acéept or adopt thess entirely, but any deviation in the application by a national sauthority
must officially be brought to the attention of ICAO, It is worth noting that at present only 10 to 15
of the. ICAO. member states ars represented in, or dirsctly contribute to the work of, CAEP. The
ICAO-document; which contains all specifications for controlling sircraft noise emission and immis-
sion, is entitled "International Standards and Recommended Practices - Environmental Protection;
ANNEX 16 to the Convention on International Civil Aviation / Volume 1 'Aircraft Noise' |1]. Its first
edition dates from 1981, its second edition appearsd in 1988. This document is commonly referred to
as "ANNEX 18",

2.3 Structure and Content of ANNEX 16 (1988 Edition)

There have besn several editions of ANNEX 16. The most recent (1988) edition contains, withir Vol-
ume I, five Parts (with Roman numerals); here Part II , in particular, deals with aircraft noise
certification along 10 Chapters, each devoted to a particular type and/or weight-category of air-
craft. Furthermore, the ANNEX edition contains six Appendices (with Arabic numerals) and four
Attachments (with sequential capital letters). This structure is shown in on Page 10. Of special in-
terest in the context of thll‘AGARD,q‘nph are Chapters 3, 6, 8, and 10 of Part II, Appendices 2,
3, 4 and 8, and Attachments A and D, i.e. those dealing with subsonic jet-meroplanes, heavy and
light propeller-driven sercplanes and helicopters. Understanding the content and structure of ANNEX
16 is ‘helpful, since in -the -"!prion -of the  experts" terms such as "Chapter-3 aircraft" or a
"Chnptor—in vs a "Chapter-8 procedure" are frequently used.

In ANNE!( 16. ‘4 CHAPTER defines the noiss avalustion measure to be used for the type or category
of :h-onﬁ {o.f. s 'maximum A-weighted Noise Level' or an 'Effective Perceived Noise Level',
etc.), it specifies the memaursment locations, the noise limits and certain procedural aspects, such
as the required onglno—powerl setting or flight-speed for the certification test. An APPENDIX defines
the test environment (e.g. the permissible atmospheric conditions), certain requirements about the
dnn-lcquintlon equipment: and, where necessary, computation procedures for oaloulating the noise
memsure. It also contains the requirements for reporting to the authgrities. An ATTACHMENT, final-
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ly, provides additioral guidance material for the application of the rules and regulations of Chap-
ters and Appendites. It may contain simplified mathematical formulations or details of recommended
alternate ("equivalent") procedures.

ICAO has generated a special Technical Manual |2| explaining in greater detail the use of the
various procedures in the noiss certification of airciaft than is possible in the ANNEX 18 document.
This Manual must be considiéred ds a Wery helpful ‘eupplement to the ANNEX 16 document per ss. As
stated in the introduction to this Manual, ‘its aim is to promote uniformity in the implementation of
the technical procedures of ANNEX 18, Volume 1, and to provide guidance such that all certificating
authorities can apply the same degres of stringency and the same criteria for acceptance in
spproving applications for the use of "equivalent procedurss"'. As will be recalled, "equivalent
proeedﬁm" do not_ follow. exactly the procedures as delineated in ANNEX 18, but provide the same
quality data and/or information required for purposes of noise certification; they are usually “more
pnéticnl" or less involved than the very ANNEX 18 procedures. However, any equivalent procedure
must be approved by the certificating authority prior to its application in noise certification.

For purposes of noise certification, propeller-driven aeroplanes have originally been divided, some-
what arbitrarily, into those with a maximum certificated take-off mass of more than 5700 kg, and
those not exceeding 5700 kg. This mass limit has recently been raised to 9000 kg. Those below this
mass-limit (usually referred to as 'light propeller-driven aeroplanes' or simply LPDA) include the
vast majority of General Aviation seroplanes with one or two engines; those over this limit (usuaily
referred to as ‘heavy propeller-drive:. aeroplanes' or simply HPDA) represent the commercial and/or
commuter and heavy transport-category aircraft with 2, 3 or 4 engines and with a mass of up to
several hundred-thousand kilograms.

Light propeller aircraft typicallv operate from smaller airfields, whereas the heavy ones use the
same airports as commercial jet-airliners. It was argued, therefore, that the latter should be
subjected to the same noise regulations as turbo-jet aeroplanes. Until about § years ago, the heavy
propeller-driven aeroplanea were dealt with in a separate ANNEX Chapier (Chapter 5), whereas the
subsonic jet-aeroplanes were covered in Chapter 2 and in Chapter 8. The latter distinction relates
to the date at which the application for the certificate of airworthiness for the prototype was
accepted: As shown on the following page, Chapter 2 applies if the application was filed "before 6
October 1977", Chapter 3 if ti.ds date was "on or after 6 October 1977". This is in effect a distinc-
tion between old and new aircraft. Since the Chapter-2 aercplanes will be phased out in the
Nineties, there is no great need to discuss Chapter 2 in detail.

All new subsonic jet-aeroplanes will have to comply with Chapter 3 regulations (which are more
stringent than the Chapter 2 regulations). For the heavy propeller-driven aeroplanes ICAOC has in-
serted an applicability clause into Chapter 3. Those aeruplanes for which the prototype application
has basen received on or after 17 November 1988 would have to comply with the provisions of Chap-
ter 3. Already in the past, Chaptors 3 and 5 utilized one common Appendix, i.e. Appendix 2; the
dismissal of Chapter 8 should further consolidate the noise certification of these two types of
airereft.

Subsonic jet aeroplanes and heavy propeller-driven aeroplanes will therefore be discussed jointly in
one Section referving to Chapter 3 and - where pertinent - to Chapter §, not howsver to Chapter 3;
differences betwean Chapters 3 and 8 will be pointed out.

:The noise certification procedurs for light propeller-driven seroplanes is covered in ANNEX 16/

Chapter 8 and Appendix 3. As stated, CAEP/1 raiscd the mass-distinction between light and heavy
propeller-driven aeroplanes to 9000 kg. Chapter & now includes seropianes up to that mass-value.
Recently, ICAO introduced an altogether new noise certification procedure for light propeller-driven
seroplanes. The new procedure defines an entirely different test-methedology. The relevant ANNEX
Sections are itermed Chapter 10 and Appendix 8. Although the new noise certification procedure
became effective ms of 17 November 1088, there is a fall-back provision: aeroplanes which are un-
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able-to mest the Chapter-10 specifications may still be noiss-certificated sfter the estabiished Chap-
ter § for a number of years. Hence, both Chapter &/Appendix 2 and Chapter 10/Appendix 8 will be
discussed.

mw
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Part II CHAPTERS: Aircraft Noise Certification

Chap. 1: Administration
Chap. 2: Subsonic Jet Aeroplanes (ACA* before 8§ Oct 77)
Chap. 3: Subsonic Jet Aeroplanes (ACA on/after 8 Oct 77)

Prop.-driven Aeroplanes over 5700 kg (ACA on/after 1 Jan 85; before 17 Nov 88)
Prop.~driven Aercplanes over 9000 kg (ACA on/after 17 Nov 88)

Chap, 4: Superaonic Aeroplanes

Chap. §: Propeller-driven Aeroplanes over 5700 kg (ACA before 1 Jan 85)

Chap. 6: Propeller-driven Aeroplanes not exceeding 9000 kg (ACA before 17 Nov 88)
Chap. 7: Propeller-driven STOL Aeroplanes

Chap. 8: Helicopters

Chap. 9: Auxiliary Power units and Aircraft Systems at Ground Operation

Chap.10: Propeller-driven Aeroplanes not exceeding 9000 kg (ACA on/after 17 Nov 88)

APPENDICES: Evaluation of Noise Certification of ...

App. 1: Subsonic Jet Aeroplanes (ACA before 6 Oct 77)

App. 2: Subsonic Jet Aeroplanes (ACA on/after 6 Oct 77)
Prop.-driven Aeroplanes over 5700 kg (ACA on/after 1 Jan 85; before 17 Nov 88)
Prop.-driven Aeroplanes over 9000 kg (ACA on/after 17 Nov 88)

App. 3: Propeller-driven Asroplanes not exceeding 9000 kg (ACA before 17 Nov 88)
App. 4: Helicopters

App. §5: Monitoring Aircraft Noise st Aesrodromes

App. 8: Propeller-driven Aeroplanes not exceeding 9000 kg (ACA on/after 17 Nov 88)

ATTACHMENTS: Guidance and Explanatory Material

Att, A: Equations for Noise Level Calculations

Att, B: Noise Certification of Propeller-driven STOL Aeroplanes
Att. C: Noise Certification of Auxiliary Power Units (APUs)
Att. D: Alternative Method for Helioopter Noise Messurement

*) .ACA ® Airworthineas Certificate Application for the Prototype accepted
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The current spplieability of cartain ANNEX Chapters and Appendices for prepelisr-driven asroplanes
doss, however, net oaly depend on their mass, bub alse on the .dete, whem the application for the
protetype airwerthiness cortificate was applied for. Presently, with several Chapters and Appendices
being in force simultaneowsly, the picture ~ for the “uninitinted" - is somewhat confusing. To help
untangle this “applicability snarl", the following listing is provided:

A it ligabill
Alreralt Alrworthineas Applicable Applicable
Veight (Mass) Certificats Chapter Appendix
Application
acoepted
not excesding befors
9000 kg 17 Nov. 88 [ 3
not exceeding on or after
9000 kg 17 Nov. 88 10 []
over before
8700 kg 1 Feb, 85 L} 2
over on or after
5700 kg 1 Jan 88 3 ]
before
17 Nov 88
over on or aftar
9000 kg 17 Nov. 88 3 2

Helicopier noise ocertification is covered in the ANNEX in Chapter 8 and Appendix 4 and will be dis-
cussed in its latest 'CAEP/1'-version. Although the helicopter noise certification Standards have
been in effect for only a few years, ssveral substantial changes have since besn implemented.

There are many commonalities in the noise certification procedures batween the varicus types of air-
craft. Rather than discussing, however, common features of noise certification for jet aireraft, pro-
peller-driven aircraft and helicopters, and pointing out differences as they arise, it was considered
mere beneficial for the reader to treat sach aircraft categery essentially on an individual basis.
The reader can thenm go through the particular chapter for the type of aircraft of his interest, and
readily obiain all the necesasry information. For sase of reference, however, Appendix C* of this
AGARDograph compares noise certification aspects acoording to aircraft types and categories.

Each major section in the follewing is therefere devoted to partioular types of aircraft: Section 3.4
te. subosnic jot sercplanes and heavy propeller driven seveplanes; Bection 2.8 to light propeller-
driven asroplanes, curreat procsdure; Section 3.6 to light propeller-driven asroplanes, new proce-
dure; and Section 3.7 to helicopters.

om——

*  The reatar will realise that the auther fases a slight dilenma: This AGARDegraph has chapters
mw«-.»mmmxu.mmmmtn should however become clesr what (s
meant. To somewhat reduce a pessible cemfusion, AGARDog s will be ideatified by
uplwlumA.l.c.m.nhrMhyM.uhﬂu .
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Chapter 3 and Appendix 2 of ANNEX 16 are thus applicable (1) to subsonic jet aeroplanes with pro-
totype sirworthiness application sctepted on or aftor 6 October 1977, (2) to propeller-driven aero-
planes over 3700 kg with prototype airworthiness application acospted on or after 1 January 1988
and before 17 November 1088, and (3) for propalier-driven asroplanes over $000 kg with prototype
atrworthiness application scospted on or after 17 November 1088,

Chapter 3 also covers derived versions of subsonic jet-aeroplanes. A ‘derived version', in ICAQ's
definition, is an sircraft, which from the point of airworthiness is similar to the prototyps, but
incorporates changes in type design which may affect its noise characteristics. Such changes could
pertain to an increased take-off weight or engine thrust, or to’ modifications of the power-plant. If
only minor changes are made, it ia often possible to derive the certification levels from those of
the original aircraft sither analytically or by means of a less extensive, supplemental, flight test
program. If changes are significant from & noise point of view, then the entire nolse certification
procedure would have to be executed.

A discussion on uttliging "datum atrcraft” nolse data to extrapolate towards noise certification
levels of derived aircraft, using nnoise/power/distance”-charts appears in Section 4.2 of this
AGARDograph.

2.4.2 Meference Noise Measurement Points and Flight Procsdures

The aircraft to be nolse-tested must perform a number of regular take-offs and landing approaches.
For the take-offs noise must be measured directly below the flight path and along 8 sideline, for
landing approaches only below the flight-path. Figs. 2.0a and 2.8h specify the reference noise
measursment points (i.e. the points where, {deally, the measuring microphones should be positioned)
and tt reference flight paths to be followed. During flight tests it will not usually be possible to
fly cxactly by the "reference" trajectory and the environmental conditions will not exactly be those
specified in the certification requirements. It may also be impossible to position the microphones at
th-  xact refersnoce positions. Thus, one must distinguish between wrgference"-conditions and “mea-
4. satv-conditions. In fact, substantisl effort is required in noise certification to correct or ad-

»n - uta from measurement to reference, as will be discussed in the appropriate sections of this
AL “-graph.
{a) Take-off

A jot_se plane must emplay average® take-off thrust until a certain minimum height sbove the run-
way s t.ached. This specified height depends on the number of engines (2 engines - 300 m, 3 en-
ginen - 780 m, 4 or more engines - 310 m). Thereafter, thrust may bs veduced to a value which
will o...ar sllow to waintain at least a 4%-climb-gradient or to maintain level flight with one
engine out. The greater of these two thrust-settings must be used. Since in the second case all
engines will be operating during the flight test, the aircraft will then still climb. These require-
mants precisely define the tae-off veference flight path. During this take-off test, jet asroplanes
must matntain a fiight-spesd belween Va+ 19 km/h and Vg + 37 km/h, where V, is the "safe take-
off speed".

In the ocertification requirements for propeller-driven asroplanes the take-off refersnce flight path
is dofined By the application ol QM power (rather than thrust) until the engine-number-related

* the term “average" refors to the mean characteristics of the production engine

i
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flight height is reached and the subssquent reduction in engine power has occurred for the same
climb-gradient and level-flight specifications, recpectively, as for jot acroplanes. In the case of
prepsller-driven sereplanes ealy the minimum climb speed of Vy + 19 km/h s specified.

Beth types of aircraft must maintain a constant take-oft configuration {(in essence a constant flap-
setiing) during the entire teat-flight. The landing gears may be retracted as Scon as practical
after actual take-eff. At least ene of the test flights must be condusted with mpyimum Aake-off
mgss, while sther flights may be conducted with less mass, depending em the continuing depletion
of the fuel tanks. VWeight in this centext is not considered & very nolse-relevant parameter.

o

(b)

Fower Cut Back
at Specitied Altitude H
above Ground

300m for twin engine
H= 260m for three engine
210m for four/or more engine

Fig. 2.3 Reference noise measurement points and reference flight procedure for heavy
propaller-driven seroplanes and subsonic jet-aircraft:

(a) Approach noise measurement point and take-off measurement point (flyover/lateral)
{b) Power cut-back option during take-off
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For the tahe-off precedure, two relerence
weasurement-"paints” are defined: one such
peoint, the fiyever relorense wolse weaswre-
meat peiat is located on the extended run-
way osnteriine 6300 m from brake-releass.
The other point, the lateral, or side-line
reforence weise measuremest peimt, is locat-
od on a line paraliel vo and 450 wm to the
left or right side of the runway-centerline.
Since the longitudinal position of this point
is not known prior to the test a aufficiently
extended and appropriately spaced array of
microphones must be positioned along the
side-line to ensure that the maximum level
is caught. To prove symmetry of the noise-
signature on both sides, at least one addi-
tional microphone must be positioned at a
corresponding location on the other side.
Obviously, lateral noise-data acquisition
requires wmuch equipment and subsequent
data-processing. To reduce the effort, an
equivalent method has been worked out by
ICAO, proposed as an alternative teat pro-
cedure (if individually approved by the
certificating authorities under the pre-
vailing test conditions). This method basi-
cally requires only two laterally positioned
Fig. 2.6 Equivalent procedure to determine side- microphones, as illvatrated in Fig: 3.8. Re-
line noise levels with two microphones peated take-off flights with different rota-
only (rather than with a lateral array tion points will bring the aircraft at dif-
of several microphones)
ferent heights above the connecting line
between the microphones. Each time, the ra-
diation angle from the aircraft to the microphones will be different, resulting in different -
height-dependent - noise levels at the microphones. By taking the average level between the two
microphones, a maximum “gide line noise level" can then be derived. The maximum side line noise
level must be determined for the aircraft taking off with maximum thrust or power, maintaining this
maximum engine setting for the entire side-line noise test. No power cut-back is permitted.

An aeroplane with good performance climbs faster than one with poor performance and will thus be
farther from the lateral and the flyover reference points by the time the maximum flyby or flyover
noise levels are recorded. Greater distance, generally, means more attenuation and, hence, perfor-
mance enters directly into the measured noise-level.

For the take-off test, the asroplane must not necessarily conduct an actual take off from some
brake-relcase point. Employing again an "equivalent procedure" the aeroplane can rather intercept
the take-off reference flight path at a point, where the radiated noise is well below the relevant
maximum noise lavel (how much below, will be discussed later in the saction on the noiss evalua-
tion measures). This “equivalent procedure" is illustrated in Fig. 2.7,

(b) Approach

For the approach noise test, the aircraft - in its landing coafigurstion (flaps and landing goar
down) - follows a 3-degres glide path until touch down. The appreach refurente meise messurement
point is located 3000 m befors the threshold. As the glide path antenna is pesitioned 300 wm inside
che threshold along the runway this in effect corresponds to a height of 130 m for & 3-degree
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” deseent path. This path ie designated the

[Swmutared Tohe-ot] > e sppressh relrencs fight path. The
M’ ~> approach speed must not be less than 1.3

v, * 19 h-/h.‘ where V_ 10 the stalling
speed, and at least one test flight - out
< —- of the winimum required number - must be

oS -——."l m conducted with the meximye lsnding
[ TTTD

Ewmploying agein an squivalent procedure,
the test can be conducted without an
actual touch-down. In this case, the

\‘\_N asroplane intercepts the appreach refe-
C_ ~ M N', rence flight path st a point, where the
noise 1a well below the maximum and fol-

= s lows that path beyond the reference noise

- measuremsnt point until the radiated nolse

has dropped sufficiently below the maxi-
mum; now, the aircraft may leave the
reference flight path to turn around for
another approach flight test (see Fig.
3.7).

As the test regulations specify the
approach flight test to be conducted for

® Time _.O the "most critical” (i.e. noisiest!) con-

@ Point in Time betors which Reference = climbd - path dition, a number of pre-check flights are
("Take-ott™) of Reterance - approach =path {"Landing”) necnssary with different flap-setting (at
must be intercepted the specified or stabilized air speed) to

® Point in Time atter which Reference = tlight - pathe determine that particular most critical

mey be left configuration. Only after that configura-

tiun has been established, the required
minimum number of test flights necessary
Fig. 2.7 Equivalent :modun for approach intercept to obtain the average noise level (see

and tak intercept to avoid actual touch- Section 2.4.7.d) can be executed.
down or start {rom brake-release point

3.4.3 Neiss Uvaluation Measyre and Nolsy Limits

The noise evaluation measure for bath heavy propeller-driven aeroplanes and subsonic jet aero-
planes is the 'Effective Perceived Noiss Lavel (EPNL)'. The maximum permissible EPNL-values at the
three refersnoe-noise measurement points, when obtained in accordance with the reference flight
procedures, are shown in Fig. 2.8a for heavy propeller-driven aeroplanes according to (the out-
dated) Chapter 8, and in Fig. 3.8b for subsonic jet aeroplanes and heavy propeller-driven
seroplanes according to Chapter 3. The EPNL-limits are related to the aircraft's maximum certifica-
ted take-off mass or landing mass, respectively. The Chapter 3 noise limits for the flyover test
difter with the number of engines of the aircraft; no such distinction had been used in Chapter 5.
Also, Chapter § noise limits were somewhat less stringent than Chapter 3 limits.

Noise-limits are constant for the lower values of aircraft mass. Beyond a first "break-point" the
nolee limits vary at different rates with the logarithm of the mass up to a second "break-point",
bayond which the limits are again constant and mass-independent. For convenience, the noise limits
in EPNEB snd the two break-points are listed below in TABLE 1 for Chapter 8 aeroplanes, and in
TABLE 3 for Chaptler 3 aeroplanes:

o e —————————-———

i sy s uone scocim

e




1w
EPNGS Fig. 8.8
aTIT Before 6.0ct. 1977 (ond derived versions) EPHL-limit 88 function
"o BT After 6. Oct. 1977 (all,including new types) S Rrv- e i
for "heavy" propeller
driven aeroplanes over
8700 kg iake-off mass
03 b8! "4 after ANNEX 18, Chap-
Y ‘,\" ter 8
Yoanr vaa - aaa s ads it ik vttt ¥
o ! .
5 00 b e
LI XX EXEXEEXEEREREN N 2 4
§1 —— e - —
«
s A Flyover ==
\ Loteral s
% Approach 3wiit
s | 1 i I L ]
428 83 kg 34 68 136 272 W) 544
Y4 . .3
Max. certific. take off mass x O
L I T T T T
EPNdB 9|2 = Sideline
. sseses Approqch
3‘ === Flyover 7
\

oo-.voootoool’.

- EPNL

R

1 1 I N 1
* 40 ] 160 320 640 kg
Max. Certitic. Take-off Mass = 107}

Fig. 3.8 EPNL-limit as function of ths maximum certificated take-off mass for subsonic jet-air-
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TASLE 1 Chapter-$ nolse limits for heavy prapeller-driven seroplunes {until the
applicability date of Chapter-3 for these seroplanes)

Tiyover Notoe Limitt 5 EPNGD up 1o J.000 kgy 108 EPNGD sbove 360.000 ke
Nelae Limit: 98 EPNAS up to 3.000 kgt 108 RPNAB above 304.700 kg
Latersl Notoe Limit: 98 EPNAD up to $4.000 kgt 103 EPNAB above 304,700 kg

TABLE & Chapter-3 noise limits for heavy propellerdriven asrcplanes and
subsonic jet-aircraft

;ymr Nolss Limit:

- 1 or 3 engined 89 EPNAB up to ¢5.100 kg; 101 EPNdB above 383.000 kg

-~ 3 engines 89 EPNdB up to 18,000 kg 104 EPNAB above 388.000 kg

- 4 engines §9 EPNAB up to 20,300 kg: 106 EPNAB above 385.000 kg
Approach Noise Limit: 88 EPNAB up to 33.000 kg: 108 TPNAB above 280.000 kg
Lateral Noise Limit: 94 EPNdB up to 38.000 kg 103 EPNAB above 400.000 kg
$.4.4 Reference and Permissible Test Atmsspheric Conditions

Refarence atmospheric conditions have been defined as follows

sea-level atmospheric pressure of 1013.28 hPa;
ambient air temperature of 28 °C (i.e, 18A ¢+ 10°C):
relative humidity of 70 %

zero wind.

e @ 0 ©

(At the discretion of the certificating authorities & 18 °C Reference Temperature may be used.
However in this case 1 EPNdB must be added to the measured flyover noise level)

Buch conditions, in that particular combination, are unitkely to occur simultansously. In order to
enable measurements outside thess reference conditions, certsin test-windows have been defined and
procedures have been developed to correct noise data to the reference atmospheric conditions. The
following teat windows were astablished:

o awbient air temperature (T) along the entire noise propagation path must not be below
3 °C or above 33 °C;

o relative humidity (RH) along the entire noise propagation path must not be below 20 %
or above 98 %:

o certain combinations of RH and T that would result in an atmospheric sound attenua-
tion in excess of 13 dB/100 m in the 8-kHs-1/3-octave-band must be avoided® (Fig. 3.9
shows the persissible RH/T-window);

the average wind must not exceed 32 km/h _and the croas-wind component {relative to
the MNight direction) must nat exceed 13 km/h.

The above atmospheric oconditions should prevail over the whole noise path between the aircraft and
10 w sbove ground. This specification emphasizes the nesd to acquire temperature and humidity
profiles within this height range and preferably beyond to ascertain the absence of a temperature
inversion which would prohibit nolse cortification testing. There are even wore detailed speci-
fications in Appendix 3 about the atmospheric noise attenuation should the prevailing atmospheric

¢ the sound sttenuation oeefficient is a function of , relative humidity and temperature.
Its value, expressed in terms of dB/100 m is avatlable from Tables 13a, | and Appendix D




conditions wmake it necessary to salculate the ebeerption in “layered altitude sections". Whether
such a "layered calculation" is actually required depends on the change of the attenuution
cosfticient in the 3.2 kiNs third-octave band: if this cosfficient varies by more than 0.8 dB per 100
m anywhers along the noise propagation path betwsen alrcraft and 10 m above ground, the layering
must be taken into acccunt; this is done by adding the effective 'attenuation per layer' to arrive
at the composite attenuation for the whole noise path,

The wind speed data - measured 10 m above ground - must be averaged over 30 second periods;
during this period short-duration guets of up to 28 km/h are permissible. Furthermore - and stated
rather vaguely - no “anomalous" wind cenditions should exist that could significantly affect the
recorded noise level at any of the meusurement peoints.

00
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L4
A ‘.‘l“‘:;:‘.f}s\;‘\g‘\“kﬁt{‘\‘i;\ RS
I . N v AR .d
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0 2 0 20 kY] 35 °C 0

Ambient Temperature, T

Fig. 2.9 Area of permitted combination of Relative Humidity (RH) and air Temperature (T) for
noise certification testing of “heavy" propeller driven aeroplanes above $700 kg take-off
mass and subsonic jet aircraft after ANNEX 16, Chapter 3

1.4.8 PMight-Path_Tracking

Since the measured acoustic data must be corrected to reference conditions, precise information on
the actual flight path is alsc necessary. The flight path will in all likelihood differ from the refe-
rence flight path, both in height and lateral displacemeant. Thus accurate tracking is required,
preferably by some aircraft-independent means, such as radar-, laser- or other photographic
methods. Tracking methodas and equipment are discussed in Section 3.3.1 of this AGARDograph. To
relate the noise signature to the aeroplane position, precise time synchronization between the air-
craft trajectory and the noise measurements must alsc be established.

2.4.6 Acsystic Dats Acquisitien

The microphonss must be 1.2 m above the ground surface, a height that is notorious for inducing
grave weasuring errors on account of the superposition of the directly incident and the ground-
reflected acoustic wave; associated problems are discussed in detail in Section 4.3.3. The micro-
phone should be of the pressure type. Data acquisition instrumentation in general, and microphone
types in particular are discussed in 3ection 3.2 of this AGARDograph.
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A pressure-type micruphone (rather than a free-field type microphone) offers an important advan-

tage: if the microphone diaphragm is oriented for grazing sound incidence (i
the sound approach the microphons under 50 degress with respect to the

Fig. 2.10 Boundary conditions for noise certification testing of heavy
propeller-driven seroplanes and subsonic jet-aircraft;

.e. the wave fronts of
microphone axis), &
pressure-type micro-
phone's  sensitivity
is independent of
the sound immisaion

angle. Since sound
radiated from an
aircraft in flyover

continuously changes
its aszimuthal angle
with respect to the
measuring point no
pronounced change
in directivity-
response  for the
aircraft approaching
or receeding should
thus ocour. The
ngrazing-incidence"
condition is some-
what  difficult to
realize for the late-
ral  microphone(s),

top: microphone height above ground and reflection-free since sound inci-
vertical cone; bottom: grasing incidence diaphragm condition
dence direction
changes in
yet another plane. A more detailed discussion of microphone characteristics appears in

Section 3.2.1.

The area around the microphone must be free from obstructions within a cone

of 80° from the verti-

cal to avoid reflections from nearby surfaces. The microphones must meet certain specifications as

to their frequency response (which must lie within
sensitivity should change no more than 2.5 dB within a 30°-variation from

reference direction, again for the same frequency range. Use of a wind-screen

recomiended. Fig. 2.10 illustrates some of thesa requirements.

+/~ 1 dB from 45 Hz to 4.5 kHz); also, their

the grazing incidence
("wind-ball") is

High standards are also set for the quality of the dats recording and analysis systems, and appro-
priate calibration signals must be recorded; furthermore both the acoustic and the electronic back-

ground noise must be determined in the absence of test-object noise. A

detailed discussion of

recording and analysis equipment specifications and their use appears in Chapter 3.2 of this

Ar.ARDograph.

2.4.7 Data Adjustment

Acoustic dats msasured under conditions that differ from the reference condit

ions (e.g in regard of

the flight path, the meteorclogical environment, the aircraft operational parameters or the noise

measurement paints) must be corrected to reference conditions to permit their

evaluation against the

noise limits.. Thres cocrection terms, Delta 1, Delta 2, and Delta 3 must be determined and added to

the EPNL-valus as obtained from the measurements.

Delta 1 sccounts for {a) the stmospheric attenuation due to differences from

the reference tempera-

ture and humidity, (b) the atmospheric attenustion due to the change in effective slant range, and

k!
3
3
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{e) the “inverse square" ‘distanoce’ attenuation due to the change in effective slant range. Delta 2
accounts for the duration ("10-dB-down-time")* of the noise as affected by the distance and speed
of the seroplans relative to the measurement point. Delts 3 is in effect a source noise correction,
accounting Yor the influence of environmental parameters (such as temperature, ambient pressure) on
the noise output of the loureo?,ltult.

The.  basic constderations for establishing the correction terms Deita 1 to Delta 3 are discussed in
the following:

(a) Correction for Noise Received on the Ground (Delta 1 and Delta 2 terms)

It the flight-path differs from the reference path, the distance of the aircraft to the measuring
microphone will also differ from that under reference conditions. A change in acoustic path length
affects, however, both the amount of atmospheric absorption and the spherical spreading attenuation
(inverse square distance attenuation). In computing the EPNL of a flyover noise event, each aucces-
sive 1/3-octave band spectrum at the 0.5 sscond time increments should individually be corrected
for these attenuations, in correspondence with the prevailing - perhaps layered - atmoapheric con-
ditions (temperature and humidity) and the distance from the microphone at the time, before conver-
sion of the measured acoustic data into a PNL-value; this latter requirement emphasizes the need to
synchronise acoustic and flight path information.

Which distance, then, must be used in this correction? If the aircraft would be flying exactly on
the reference flight path there would be one particular instant in time and one particular aircraft
position, where that signal was emitted which on the ground resulted in the maximum tone-corrected
'Perceived Noisc Level, PNLTM'. That position defines . particular distance between aeroplane and
measurement point, termed the npeference-distance". If, however, the actual flight path differs from
the reference flight path, this position and the effective distance 'aeroplane/measurement-point"
are different, Hence the actual attenuations (due to atmospheric absorption and spherical spread-
ing) must be converted to "reference attenuationa" to correct flight data to reference conditions.

A "simplified" correction method has been developed, which is based on the following reasoning:
While flying on the measurement flight path, the vgound-ray" that caused PNLTM to occur at the
measurement point has a certain angie with respect to the flight path, It is now assumed that this
angle is characteristic for the occurrence of the PNLTM at the measurement point, even if the angle
between ' flight-path and ground-surface was actually different. Thus, as illustrated in Fig. 2.11
the difference in msasuremeni-cistance QK and reference-distance er(r can be determined, and used
in the subsequent corrections. Similar considerations apply when the distance to the lateral
measurement point differs from the reference point.

Actual From the several dosens of 1/3-
Flight Path octave-band specira measured at
0.5-second increments that particu-
lar 1/3-octave band spectrum is
selected which was ‘"responsible"
for generating PNLTM on the
ground. Each of its individual 1/3-
octave-band levels are corrected
for atmospheric attenuation and the
entire spectrum for the "inverse
square distance law"-attenuation
(which 1s frequency~independent).

: g The following example for a flyover
Fig. 2.11 Determination of reference distance 'aeroplane/ measurement point {llustrates the

noise-messurement-point' from measured distance
(for source to ground corraction) for cases procedure:

oo o\ Byeverd and. !appresch!

' ine form and Felaveace of the 10-dB-down-time is explained in Appendix A to this Agardograph.
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Let us assume that measurement temperature and humidity, respectively, had been 18 °C and 80 %
(vs. the reference-conditions of 238 °C and 70 %), and that, furthermore, the measurement distance
QK had been 800 m (vs. a reference distance of, say, err = 540 m). The 1/3-octave-band to be
considered was 5000 Hs. From appropriate Tables that list the atmospheric sound attenunation-c effi-
clients ot in dB/100 m (see APPENDIX D to this AGARDograph) the following data are obtained.

Measurement Condition: @ o0 1o (for 15°/50%) = 4.2 dB/100 m

Reference Condition: o cog0 Hy (for 25°/70%) = 2.9 dB/100 m

Accordingly
+ 0.01 (umen - u“f) QK = 7.8 dB (atmospheric attenuation due to difference in
‘ temperature and humidity)
+ 0.01 & ref (QK - QrKr) - 1.7 dB  (atmospheric attenuation due to distance change)
+ 20 log (QK/QrKr) = 0.9 dB (inverse square distance attenuation)

Thus, the total correction to the measured level in the 5000 Hz band would be +10.4 dB. In a
similar ‘manner all the other 1/3-octave band levels of the remainder of the (one only!) spectrum is
corrected and converted into a PNLT"f. From that, the correction term 'Delta 1' is determined as

Delia 1 = PNLT"f - l’Nl..'l‘Mmeas

and added to the EPNL-value.

Since the 10-dB-down-time is both a function of distance and ground velocity (3 flight velocity
relative to the ground) an adjustment to the duration correction is required, when reference and
mezsurement distances and/or ground velocities differ. This correction, Delta 2, is computed as
follows

Delta 2 = - 10 log (QK/QrKr) + 10 log (V/Vr)
and also added to the measured EPNL-value.

The third correction term Delta 3 will now be discussed in the context of the source noise
correction:

(b) Source-Noise Correction - Jet Engine Noise (Delta 3 term)

While the previously discussed corrections Delta 1 and Delta 2 accounted for measurement-to-refe-
rence differences in distance and atmospheric conditions, i.e. parameters that affect the noise after
it has left the aeroplane, the source noise at the aircraft itself is also affected by environmental
parameters. The thrust of a jet-engine, for example, is influenced by temperaturs and ambient
Pressure and also by air speed. Differences between the thrust at the measurement conditions and
those nt reference conditions must therefore be sccounted for.

An ltrcfifi propelled by a turbo-jet or a fan-jet engine is, however, by no meana a point-source
with a well defined directivity. Rather does the primary source on a subsonic jet aircraft, i.e. the
engine itself consists of at least 2 individual "subsources", namely the fan and the jet, both of
which differ grossly in terms of their acoustic characteristics. Fig. 3.12 shows a (rather well-
known) representation whers the typical directivity of a modern fan-jet engine specifically that of
the fan and that of the jet, is illustrated. lomvcr. the fan spectrum ulullly contains harmonic
lo\h:d mponontn, while tho jn lpmrun is of bmdb-nd naturs. The tan’ maxtmum is directed tor-
wu'd/dmwn'd whila the jet maximum is in the rear dlmuvity arc. Menoe in con-ldoﬂnn a fun-jot
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engine propelled aircraft in flyover one should realise that it is really a fan and & jet that fly
over the observer. Therefors these two should be considered on an individual basis.and corrections
be applied accordingly.

The noise affecting para-
meter p could thus be pre-
dominantly related to the
fan or to the jet, As it is
difficult to clearly se-
parate one from the other,
one could argue that for a
high bypass ratio engine
(BPR around 3) it is the
fan whose noise dominates;
one should thus base any
correction-procedurs on the
engine's "noise versus fan-
speed" behavior.

Fan

Fig. 2.12  Noise direcuivity of source components for a turbo-
fan/jet-engine Alternatively, for a low

bypass ratio engine (BPR

around 1) one should base

the corraction procedure on the engine's "noise versus thrust'-behavior. Thrust cannot be measured

directly in flight; one can however infer the thrus: from the readily measurable quantities 'fan-/or
compressor rot'attonnl speed', 'engine pressure ratio' and 'temperature rise'. The necessary cor-

rection Delta 3 can be de-

termined from flight tests,

where the dependence of
EPNL on the appropriate
engine parameter, p, is
established, as schemati-
cally illustrated in Fig.
2.13. Such a parameter u
could be the thrust, for
example. During a flight
test, p must be varied
about the operational con-
ditione applicable to take-
off, lateral or approach
flight. Delta 3 can then be
determined by subtracting

ENGINE CON?ROL PARAMETER 1} the EPNL-value correspon-
(eg. thrust or fan speed) ding to the parameter p at
the measurement conditions
from the EPNL-value corre-

Fig. 2.13 Scheilatlc of potn/thrult or noise/fan-speed sponding to u at reference
relationship for sourcs-niotse correction of condition. Delta 3 s added

NOISE LEVEL (EPNdB)

e o oA A LR WY 0 e 12

to the measured EPNL-value.

(c) gt_lg  Noise Car l'l'cc_t.ti:'_r_ll - Propeller Noisa (Delta 3_term)

A eomnpont‘hna :'bqlfi 3 corre.iton must also be applied for propeller-driven aercplanes. Propeller

mm’nd‘g}lf lﬂ Y hd by (1) engine power and (3) blade tip Mach number. Unfortunately, no well
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founded theoretical or reliable empirical method is available for such a correction. As far as
engine power P is concerned, a (K1 log P“,/P-.”)-aoum-noin-udjnnmnt is employed, with K,
assuming values bstween 10 and 17. Hnnutletunr-lnlormlnon on the dependence of sngine power on
temperature and. atmospheric pressure can ho utmnd to obtain the relevant factor x . The error in
choosing a slightly "wrong" K-lo;-powor-utio has, however and fortunataly, mu. offect on the
noise lnn!. 'l'ho.“luo of Delta 3, = (I( log n{/Pun) is added to the measured EPNL-value.
Propolliﬁnotu. on the other hand, very much dopo,ndlvon the blade tip Mach n!_lmbb;- (more precise-
ly on the helical blade tip Mach number 'HTM', which also depends on the forward flight speed).
Since Mach-number is a function of tempsraturs, even relatively small differences between test
temperature and reference temperaturs are likely to have s pronounced ‘effect on the propeller noise
level, especially if the HTM is high (above approximately 0.8).

ANNEX 16/Appendix 2 recommends to dot'ar:nino the clange in source noise level exporlmntaliy
through ad hoc flight-testing. Additional flight tests could be made at various temperatures, as
they occur during the day, and extrapolated towaras the reference (temperature) conditions. Alter-
natively, one might attempt to change the helical t.ada tip Mach-number by altering the propeller-
RPM. It is, however, somewhat questionable whether a Mach-number change through an RPM-change
has the same effect on noise as one through a temperature chenge. Recent wind-tunnel tests (which
sre discussed in Section 4.6 of this AGARDograph), however, seem to lend support such an
approach.

It should be realized, however, that by changing the propeller rotational speed one also changes
the fundamental and the harmonic frequencies of the propeller noise spectrum. When using a micro-
phone 1.2 m above grourd any one, or several of these frequencies may fall into a cancellation
dip. Thus, such tests muat be performed with a ground microphone!

It must further be kept in mind that the "check-flights" for each new condition will have to be
repeated several times to ensure some statistical validity, making the entire procedure very time
consuming. The term to be added to the measured SPNL now is Delta 3, = K, log HTMret/HTumeas in
daB. K2 may typically take values of 160 dB or more. The final Delta 3 term for propeller source

noiss correctivn thus contains both an engine-power and an HTM related term.

{d) Yalidity of Test Results

For each of the 3 reference measurement points the arithmetic average EPNL-value must be pro-
duced, based on at least 6 valid flights. The sample sise, however, must in any case be large
enough to establish a confidence limit not to exceed +/- 1.5 EPNdB at a 90% confidence-level.
Appendix E to this AGARDoguph outlines the relevant procedure and the statistical background in
detail.

(e) Trade-offs

Having thus determined and established the required validity of the final EPNL-values for the three
reference measurement points, these values are then assassed against the noise-limits. If one, or at
most two, of these values exceed the noise limits, then certain "trade-off"-regulations may be
applied according to the following rules:
- 0 the sum of the excesses shall not be greater than 3 EPNdB;

¢ the excess at any aingle point shall not be greater than 2 EPNdB;

0 any excesses shall be offset by reductions at the remaining point(s)

Fig. 2.14 illustrates possible trade-off cazes.

|
!

:
*
u
3
i
z




L S § AR P e vttt et

_Parmissible Prohibited Ve k.1
Casel | Casell | Casel | Casel} for ‘wwcats aotse. lavess
05 ) 3 - in the nolss certifica-
o — saroianver 90
EPNd® \ - t:::fnﬂ Mass :nd nllu
ry subsonic jet-aircraft
» Approach
Lateral
J -
4
&.l b—_t:ﬂ[
e . Fiyover
854
3.6 Noise Certification of ven anss: Established Procedure
ANNEX 16: 8 and ix_3)

2.5.1 Applicability

Until CAEP/1 in 1986, Chapter 6 and Appendix 3 of ANNEX 16 were applicable to propeller-driven
aeroplanes (except apecial purpose aircraft, such as those for fire-fighting, aercbatics or agri-
cultural applications) with a maximum certificated take-off mass not exceeding 5700 kg. If the
prototype of such an aeroplane had been noise—certificated at such a mass, then a derived version
with a maximum take-off mass up to 6500 kg could still be certificated under the Chapter & specifi-
cations.

It was howaver recognised that there was an emerging commuter category of turboprop aeroplanes
with take-off masses in the range of 8700 kg to 15000 kg, for which the Chapter 3 certification pro-
cedures are more complex and costly than necessary. It was therefore decided to recommend an ex-
tension in the applicability of Chapter 6/Appendix 3 to aeroplane-masses of up to 9000 kg, provided
the application for the airworthiness oertificate was accepted before 17 November 1988 (for a later
application date ANNEX 18/Chapter 10 applies).

2.85.2 Noiss Measuremsat Poimt and Flight Procedure

For certification test flights, the aeroplane must execute a straight level flight at a height of
300 m +10m/-30m above the mcoustic measurement station (reference noise measurement point), with a
lateral displacement of not more than 10° from the vertical (corresponding to approximately a 850 m
lateral displacement at the 300 m height).

Originaily, aircraft engine-power was to be set at maximum continuous powsr (MCP), a power that
is howsever not normally used in level flight. Thersfore, the most recent edition of ANNEX 16 spe-
cifies the "highest power in the normal operating range", also termed "maximum normal operating
power, MNOP, to be used. It was argued that MCP was not representative for low level circuit
flights (which by the proponents of this new regulation were considered to be the acoustically most
disturbing) and would only be used for take off and then reduced to about 78 % after cruise alti-
tude had been reached. On the engine tachometer, MPC corresponds to the "end of the green line"
which, for a light aircraft, may be around 2700 RPM. MNOP then neceasarily corresponds to a lower
RPM with accordingly less propsller-generated noise.
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Sinos the neise limits (ses subsaquent sestion) were mot simultanscusly made mere stringent, this
change in engine-power smting in offect resulted in a reiaxzation of the nolee limits. In the new

Sttt A oS o i

Since other acoustic data,
such as background noise
must also be determined,
data are normally recorded

L X}

Chapter-10 noise certification test procedurs the lssus of the engine power during certification
testing is of no consequence.
3.5.3 JNaige Svalygtion Meesure gnd Nelse Limit
The nolse evaluation measure is the maximum A-weighted nolse level "pA.-n occurring during fly-
over; this level can be determined - rather simply, and in the field -~ from visually reading a
precision sound-level-meter
- v T ‘lh—-
o ! I sst at "slow responss” .
a (correaponding to the in-
} strument’s detector time-
., constant of 1000 ms). The :
. . ! or % tmportance of  instrument :
! detector time constant in
! noise measurements is dis-
g cussed in Section 3.3.4.

”___—.—l—h—-——L— U S—— | - T £
( w0 000 0 000 g S0 gnd evaluated in the labo-
Mo Cortificated Tekwe - ott Mass ratory.
Fig. 23.15  ANNEX 18, Chapter 6 noise limits The certificating authori-

ties may, at their discre-
tion, request the flyover-
nolee to be evaluated in terms of EPNL. However, EPNL-limits have not been defined yet and only
ma-level-limits" are sstablished and in use, as shown in Fig. 2.15 . For convenience, the noise limits
in LpA.l‘x and the masa-break-points are presented in TABLE 3 below.

TABLE 3 Chapter & noise limits for light propeller-driven aercplanes (level flyover procedure)

Flyover Noiss Limit: 68 dB(A) up to 600 kg; 80 dB(A) from 1500 kg up to 85700 kg (9000 kg)

1t should be emphasized that here the noise limit values vary linearly with mass between 600 kg
and 1500 kg, rather than logarithmically, as was the case with heavy propeller-driven aeroplanes
in the Chapter 3 procedure. A logarithmic variation of course is less stringent, than a linear one.
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2.5. Defersees and Parniosible Test Atmespharic Conditions

Only two atmospheric parameters are specified to determine the reference flight procedure (engine
power and flight speed related) and to correct the noise-level data:

o ooa level atmespheric pressure of 1013.38 hPa;
o ambisnt air tempersture 38 °C (1. . I8A + 10 °C).

3
3

The following test-windows (under conditions of no precipitation) have bsen established




o wind speed (measured 1.8 m above ground, instead of 10 = as fer heavy aeroplanes) must
not exoeed 19 km/h, but if in excess of 7 km/h, the flight direction shall be so aligned
that it doss net deviate by mere than 18° from the wind-direction:

° MImtdtrmluﬁTmunotbobolowl'CanannbovoSl'C;

o relative humidity RH must not be below 20 5 and not above 98 %.

Again, certain combi-
nations of T and RH

00 N L1 ¥
are o be avoided, as
% shown in Fig. 2.18.
0 - As for heavy aero-
planes, conditions
causing excessive
60 -  atmospheric atten-

uation at high fre-
quencies are not
(%] —  allowed. Furthermore,
no temperature inver-
sion should exist,
201 -1  which might cause
sound-reflections from
above the aircraft to-

Relative Humidity,RH

oo 1|° 2|0 31) 40 wards the ground-

. based microphone. It
Air Temperature ,T is often difficult to

determine the pre-
sence of a tempera-
ture- inversion, un-

Fig. 2.16  Area of permitted combinations of relative
humidity and air temperature for noise certi- less such information
fication testing of ("light") propeller- is available from a

driven aeroplanes not exceeding 5700 kg -
take-off mass after ANNEX 18, Chapter 6 nearby  weather-sta
tion. Of course, the

test aeroplane itse'f,

or a companion .. o-
plane could directly determine an altitude/temperature-profile, to ensure that acceptable test-
conditions prevail. Usually, such an effort is not undertaken in the noise certification of light pro-
peller- driven aeroplanes.

3.5.8 Determiaation of Aircraft Neight

Only the height (rnthqr than an entire flight path) and deviation from the vertical to the micro-
phone are of interest in certification noise testing of light aeroplanes. They must be determined by
an aircraft-indepsndent weans, such as a ground based tracking-system (theodolite, triangulation
or radar). Aircraft velocity over ground does not enter into the noiss evaluation, as an EPNL-value
is not required. Therefors, there is no need for a very sophisticated tracking systewm; in fact, pho-
tographs taken by one high quality camera (preferably with a Polaroid-film-plate, to allow instant
evalustion of flight validity) that points exactly vertically towards the aircraft in flyover suffices.
This way it is possible to A~ rine "on-line" (1) flight-height, (2) lateral displacement, and (3)
yaw-angle, with : . ourpe. - as practice has shown - is sufficient for correction purposes.
Apart from ti.. .oohibitive ost of operation and set-up, kinstheodolite or radar-tracking would not
allow an on the spot decision whether a flight was valid with respect to a height/lateral-deviation.
Polarcid-camera shots provide, however, such informatien after about one minute. If necessary, the
pilot can then immpdiately be asked to repeat the test.
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The nolse measuring station may consist of eme microphone enly, pesitiened directly under the flight
path and approximately {1)* 1.2 m sbove ground, again in an area that should be flat and free.
Fix. 3.17 tllusirates these requirements. The gresing-incidence conditien is recommended calling for
a pressure-type wicrephens o avoid directienal seasitivity-cheanges during flyover. Electronic and

smbient background

nolee must be re-
corded with the
same gain-settings
as used in the
actual noise wmea-
surement, and the
maximum aireraft
radiated noise
should exceed the
background noise
by at least 10 dB.
(It will be shown
in Section 4.3.3 of
this  AGARDograph
that such a signal-
to-noise ratio does
not suffice to cor-

rect for adverse
ground-reflection
offects induced by
the microphone po-
sition 1.2 m above
ground.

Fig. 2.17 Flight corridor test requirements for noise
certification of “light" propeller driven aerc-
planes not exceeding 8700 kg take—off mass

2.8.7 Data Adjustment

(a) Correction for Noise Received on the Ground

It outside the test-height window, ANNEX 16 requires a distance correction based solely on the in-
verse-square law for flight heights differing from 300 m. Atmospheric attenuation need not be con-
sidered, since the spectral maximum of the noise of a typical light propeller asroplane lies below
1000 Hs, where atmospheric attenuation is negligible for the relatively small propagstion distances
involved.

(b) Source Noise Correction
The eoffect of ambient temperature on the {helical) blade tip Mach-number (HTM) is specifically

singled out for source-correction. Only very small deviations from the reference Mach number are
permitted without correction; allowsble deviations have been specified as

s mamr e g mi Sat ai

PRSP

* This exclamation mark should emphasise the fact that the term "approximately" - as specified in
ANNEX 16/Chapter ¢ - is rather badly chosen. Even minor position-changes the order of centi- 3
meters will have a prencunced effect on the weasured signal.
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o 0.014 for helical blade tip Mach numbers at and below 0.700,
© 0.007 for helical blade tip Mach numbers above 0.700 up to and including 0.800,
o 0,000 ter helical blade tip Mach numbers above 0.800.

When the deviations are larger, a correctien K log (l'/ll.r) must be added to the noise levels,
where I. and My are the refersnce and the test helical blade tip Mach numbers, respectively.

The value of K must be obtained from approved dats of thy test aeroplane or from dedicated flight
Wats where air speed and propeller rotational speed are varied appropriately. This latter approach
is, however, much disputed, since engine noise contributions, which have a different rotational-
speed dependence than propeller noise, are mot correctly accounted for. Efforta by CAEP to develup
& more straightforward temperature and/or helical tip Mach number correction are discussed in
Section 4.6.3 of this AGARDograph. Also, it must be cautioned again that such ad hoc flight tests
must be dome with a ground board microphone, as grave errors may result when the customary
"1.3-m-micrephons” is used.

In the absence of flight test data a value X = 150 should be used if Ny s less than Ma-
Otherwise, no correction is applied.

(c) Validity of Test Results

As for the heavy aircraft the validity of data is established if the confidence-limit does not exceed
+/- 1.5 dB at a 90% confidence level. For the light propeller-driven aeroplanes, however, a mini-
mum of ¢ (rather than 6) "valid" test-flights suffices. (See also AGARDograph Appendix E).

(d) performance Correction

Since only straight level flights are specified in the certification procedure (but no take-offs, into
which the performance of an aircraft would enter directly), light propelier-driven aeroplane noise
certification according to the Chapter-8 procedure requires a performance correction "fror- the
books".

The ANNEX states that the performance correction is intended to reward higher performance aero-
Planes for their ability to climb steeper angles and thus gain altitude faster, implying that the
greater effective distance results in less noise.

In sssence, the performance correction takes into account how much more ("Bonus™) or less
("Malus") altitude than 300 m above a raference point at 3500 m after hrake-release the asroplane
would have attained based on the achievable take-off distance and climb performance. The proce-
dure is shown in Figs 3.18 and b. The tuke-off distance counts from the brake-release point to
the point whers the aeroplane has cleared a 15 m high osbstacle. The slope (angle with the ground
Plane) of the climb is defined by the best rate-of-climb, R/C, and the speed Vy for that particular
best rate-of-climb. Since the reference altitude of 300 m is in the denominator. a "Malus" comes out
a8 a positive value, to be added to the certification level.

A typical case illustrates the correction procedure. Assume that a particular aeroplane has the
following performance data, as specified in the operators handbook.

For exanmpls:

o Beat rate of climb at 0 m: 3.35 m/s
o f8peed for best rate of climb: 38.9 m/s
o Take-off distance at take-off power to clear 15 m high obstacle: 548.8 m

o ZATA e S L
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Fig. 3.10a "Performance correction"-philosophy for "light" propeller driven asercplanes
not exossding 5700 kg take-off mass
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Fig. 2.18b Flight path related geometry for "performance correction"

The height sbove the reference point would then be 262 w (instead of 300 m), hence a "Malus" of
1.2 dB must be added to the (corrected) certification level.

The performance correction is done entirely on paper with the performance data provided by the
manufacturer for standard day oonditions (18 °C, not the 28 °C of other requirements). It can be
considered as a way of converting a level flight noise measurement into a simulated take~off fly-
over measursment by a simple test (i.e. the 300-m straight and level flight) and the above correc-
tien methed.

The preseatly used “"Performance Correction” ia however rather disputed. Por this reason, among
others, the revised nolse eertificatien fer light propeller-driven aeroplanes has been established
and included in the ANNEX 16 as 3 new Chapter 10. This new noise certification procedure will be
described in the following Section. '
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Ezperienss over the past several years in the application of the Chapter-8/Appendix-3 noise-certifi-
cation provedurs for propeller-driven aeroplanes not excesding 8700 kg had raised serious doubts on
the validity of the ensuing certification noiee level aa a true measurs of people's annoyance. Com-
munitiss close te airports asem Wmore irritated by the frequent take-offs and initial climba of the
(light) prepeller aircraft, than by flyovers at wedium or high altitudes. It seemed logical, there-
fore, to proposs a noise certification acheme that includes an actual take-off test procedurs. The
task at hand was to develop new noise certification procedures withsut adding undue complexity to
thoss presently in use.

A take-off test for the light aircraft would provide at least two distinct advantages: The test would
better reflect what many regard as the most annoying part of the flight (the initial climb) and it
would inherently account for the aircraft's performance, as a "poor climber" would pass over the
microphone at a lower height and thus cause higher noiss levela, and vice versa.

Questions to be addressed were the engine power to be employed (whether a one or a two-segment
take-off should to be selected), the noise measure (whether again the maximum A-weighted level waa
to be used, or perhaps u time duration corrected A-level, such as the "Sound Exposure Level,

"'. or even a time duration and tone corrected level, such as the “Effective Perceived Noize
Level, EPNL"). Furthermore the minimum number of required test flights was to be determined (four
or six, for example), as well as the atmospheric and flight operational refersnce and measurements
conditions and the appropriate correction procedures from test to reference.

Many field evaluation tests have besn conducted in the process of developing the new scheme. As a
result of these efforts, the following new noise certification procedure for light propeller-driven
asroplanes has been developed by CAEP and has been made a Standard in the ANNEX 16 as & new
Chapter 10,

3.6.1 Applicability

The Standard applies to all propeller-driven aeruplanes and their derived versions (other than
asrobatic, fire-fighting and agricultural) with a maximum certificated take-off mass not exceeding
9000 kg, for which the prototype airworthiness application was accepted on or after 17 November
1988.

3.6.2 Noforence Noise Messuremsnt Puoint and Flight Procedure

The teat aircraft - at maximum take-off mass - must conduct a minimum of 6 take-offs with take-off
power until it has cleared a point 15 m above the runway (first phase). It may then retract the
undercarriage and adjust the flap-ssttings to its normal climb configuration and continue its flight
with maximum continuous engine power (unless airworthiness-related limitations apply) to achieve
its then best rate-of-climb speed Vy +/- 9 km/h (second phase). This procedure defines the
reforence flight path.

The climb configuration and spesd must be maintained until well beyond the referemce neise
ustsurement polat which is located 2500 m from the brake-release point on the runway centerline.
This poiat must be overflown within a lateral deviation of no more than +/-10° from the vertical
and within +/-204 of the reference height (Zig. 3.19). This sesmingly large margin in the allowed
deviation -from reference height reflects the fact that height deviations can be aasily carrected om

the basis of the inverse square distance law for an LM. -“-v.luo-
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1.6.3 Isige Bvalugtien Wegoure and Malge Ligits

Although ariginally the time-duration corrected noise measure L g Vs preferred, lisld tests have
shown that there exists an approximately linear relationship betwsen the noiss measures l.p“ and
LNJ‘W-"“' The sulfix
“slow" in the noiae mea-
sure relates to the mea-
B ] suring instrument detec-
tor time constant of 1000
ms. 8ince noise limite
- had to be newly estab-
o lished, anyway, it was
decided to revert to the
simpler to determine
- LN.IIOW.MII as the
pertinent nolse evalu-
ation measure.

maximum A-weighted Level

R EEEEBEENENEY

. ) _J The proposed take-off

mass dependent  noise

600 800 ke %000 limits n: shown in

maximum certificated take-off mass Fig. 3.20 and listed

sgain in TABLE 4, for

convenience, Note that

Fig. 2,20 ANNEX 18 Chapter 10 noias limita the mass-scale is loga-
rithmic!

TABLE ¢ Chapter 10 Noise Limits for light propeller-driven aeroplanes (take-off procedure)

Flyover Noise Limit: 78 dB(A) up to 800 kg; 88 dB(A) from 1400 kg up to 9000 kg

It should be emphasized that thees (ssemingly high) levels correspond to pressurs-doubled lavels,
48 medsured directly on an acoustically hard surface, rather than 1.3 m above ground (see Section
1.8.8)

2.0.¢ Befrenes sad Permissible Test Atmsapheric Conditisss

The atisdepheric conditions must be measured 1.2 m above ground, rather than at 10 m, as for the
Mavy seroplancs. The referenca conditions (towards which acoustic dats are to be corrected) are

wpacified as follows:




Soa level atmespherit pressure 1013.28 hPa
Atr Temperature 18 °C (i.e. 18A)

Relative Humidity 0%

Sero Wind

The differsnces with the Chapter ¢ conditions are the reference temperature, now st at 18 °C, and
the specification of & reference relative humidity. There are also some minor differences in the
allowable test-windows, which are specified as

] No precipitation

° Reported wind not above 19 km/h and cross wind not above 9 km/h (30 second average),
measured 1.2 m above ground

[ Relative humidity along the entire noise propagstion path not higher than #3% and not
lower than 0%

° Ambient temperatures not above 38 °C and not below 2 °C

Hig, 3,31 shows the temperature/relative-humidity area. Within this area an RH/T-regime is defined
where no atmospheric abeorption corrections are required.

3.6.5 Flight Path Tracking

The f(light path must be
monitored in an appropriate
manner to allow later data
correction for differences
between test and reference
flight height. Since only a
maximum A-weighted level i
required for certilication,
tracking can be done again
by means of (polaroid)
cameras, potitioned at ap-
propriate distances ahead,
Fig. 2.21 Area of perwmitted combinations of relative humidity under and aft of the refe-

and air tempsrature for noise certification testing of rence noise  measurement

"light" propsellier-driven asrcplanes not excesding " ight-up"-
9000 kg take-off mass after ANNEX 18, Chapter 10 point,  for straight-up
shots. A minimum of two ca-

meras is necessary (and often sufficient) to interpolate to the position exactly above the reference
noise measursment point.
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Air Temperature, T

3.8.8 Acoustic Data Acquisition

For the first time in the practice of noiss certification & change from the customary microphone
positior 1.2 m above the ground has been specified in the Chapter-10 procedure. In measuring pro-
peller noise with elavated microphones, significant signal distortions are observed; these result
from the superposition of the direct sound wave and the ground-reflected wave at the microphone.
The two waves can “erratically" attenuate or amplily the original acoustic signal, Corresponding
problems are avoided by the use of a microphone very closs to (or even flush with) the ground
where ground-reflections inherently cannot orcur. Aocordingly, it ia specified that the microphone
wust be positioned off-center and in an inverted manner with its protective grid 7 mm above a
white painted metal circular plate of 40 cm in diameter. There is nothing magic with the value of
7 am fop the microphone distance above the plate. Here, slight deviations of, say, +/- 1 or 2 mm
can be tolerated, as the main effect of this arrangewent is to shift the first canos!lation dip to
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. frequencies ‘well above the range,
. of interest. This is achieved for
. guch ‘emall distances of the order
" of 7 mm.

- A -photograph of suth an
arrangement is shown in
Mg, 3.28. The noise limits
Lgpoified in 2.6.3 above refer io
. such a microphone arrangement.

it

Fig. 2.22 Inverted microphone aiiangement

2.6.7 Data Adjustment

(a) Correction for Noise Received on the Ground (Delta M_and Delta 1 terms)

When outside the atmospheric-absorption area where no correction is required (see Fig. 2.21),
differences from reference atmospheric absorption can be accounted for by adding to the measured
noise level a term

Delta M = 0.01 (HT ot - 0.2 “R)

where Hy is the actual height and Hp is the reference height (in meters) of the test aircraft above
the reference noise measurement point, and o is the rate of absorption at 500 Hz, as listed in
the appropriate Tables (see Ref. 3 and Appendix D of this AGARDograph).

To account for differences ir the height, a term

Delta 1 = 30 log (HT/HR)

is added to the measured noise level, if test conditions are outside the no-correction area as shown
in Fig. 2.21. Otherwise, the correction term should be

Delta 1 = 22 log (Hy/Hp).

The change in the value of the factor from 20 to 22 is introduced to somehow compensate for an
additional absorption effect outside the "no-correction-window".

(b) Bource Noise Correction (Deltas 2 and Delta 3 terms)

Following the same argumentation as put forward in the temperature and helical tip Mach number
correction, respectively, for the light propeller aircraft certification according to ANNEX 16/
Chapter 8, only small deviations from the reference Mach number are permitted without correction.
The same allowable deviations have been apecified as

o 0.014 for helical blade tip Mach numbers at and below 0.700,
o 0.007 for helical blade tip Mach numbers abaove 0.700 up to and including 0.800,
o 0.005 for helical blade tip Mach numbers above 0.800




When the deviations are larger s

: 'f,=“ltl 2= Ka i

The value of Kﬂ must be obtltnﬂt;
flight teais as described in Sectton'

In the absence of flight test da
Otherwise, no.correction is applied

The sffect of ambient preasure or
another term to the measured noise !

Delta 3 = Ky 1¢ 3

Again, the value of K, shall be determinsd irom spproved test data of ‘the test scroplane. ‘Iri the
absence of such dete, a value Ka = 17 can be used.

(c) Validity of Test Results

The final noise certification level is the average of at least 6 "valid" flyover noise levels, appro-
Priately corrected as per section (a) and (b) above., The statisticsl 90% confidence limit, based on

these six (or if necessary, more) samples must again not exceed +/- 1.5 dB. (See also AGARDograph
Appendix E).

2.6.8 PFall-back Provision

For a few years after the introduction of this new 'Chapter 10/Appendix 6 Standard' a fall-back
provision is foreseen in order to avoid undue hardship on aircraft manufacturers and operators.
Aeroplanss which fail to comply with the Standards of Chapter 10 would be allowed to go through
a noise certification test according to Chapter 6/Appendix 3.

2.7 Noise Certification of Helicopters (ANNEX 16: Chapter 8 and Appendix 4)

Serious efforts to develop 'Standards and Recommended Practices' for the noise .ertification of he-
licopters began at the fifth meeting of the ICAO Committee of Aircraft Noise in 1976 (CAN/§). Ini-
tially, in an attempt to encompass the entire range of operational manoeuvres of a helicopter, a
very elaborate test-scheme was proposed, where four flight conditions were to be evaluated. First,
the helicopter was to hover at a distance of 200 m from an array of microphones at several heights
above the ground at 8 different nose directions. Second, landing-approaches were to be conducted
at flight path angles of 3°, 6°, and 9°. Third, horizontal flyovers at 2 heights and at 3 flight-
speeds, and fourth, simulated take-offs at the best rate-of-climb speed were to be executed. All
flyovers had to occur above a laterally extended acoustic measurement array.

Preliminary testing along these lines showed that such & procedure was unnecessarily complex. It
was found, for example, that in hovering the helicopter had to be constantly stabilised. This
caused large dispersions in the noise-emission. Also, since the distance in the approach and the
take-off flight procedure between the vehicle and the microphone was comparatively small, slight
deviations from a reference flight-path oaused large variations in the ncise-level.
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In the time-span betwesn CAN/S (1878) and CAN/8 (1979) a consolidated proponl for a helicopter
nnI_‘ aﬁfﬂc ion prooodurulor lnclun“n into the ANNEX 18 as Chapur 8 and Appondlx 4 was
\vorlnd out aind’ has been mwdo a Snndt’ﬂ in 1081. The new Standard contains fewer and less eom-
phhcnnvo mm proudurn und condmom. nﬂqbly. the hover-test was eliminated. Further mond-
mnu wcro mids n CAH/'1 (lua).

2Rl Tt

Sundt‘rd is’ nppltcnble to helicobtars” (other thln special purpose types) for whith the airwor-
'np nppltcutton WAE lecq'.md on or vlﬁ'r 1 Jlnunry 1985, The cut-off dne for derivatives
(chun;o- tn typo dolign) has been set as 'on or after 17 November 1988',

2.7.2 Ssference Noiss Messurement Points Plight

The helicopter to be tested must conduct & series of ih’ko-ot‘h_.“ level flyovers, and landing-
approachba. In each case, the craft must fly over the noiss measuring station which consists of a
ceﬁtrally located microphone at the flight path reference point (C & center microphone) and two
additional microphones, symmetricslly placed 150 m to the left and to the right of the flight track,
as shown in Fig. 3.23 (L & left-hand microphone, ‘R & right-hand microphone with respect to the
flight direction).

(a) Take-off
The refersnce take-off flight path (Fig. 2.23a) is defined by a straight horizontal line at a

(flight) height of 20 m above ground (connection of points A and N) and a subsequent ascending,
straight line given by the helicopters best rste-of-climb (connection of N and F). To follow this

_reference take-off flight path (with a kink ‘at point N at the intersection of AN and NF) the pilot

must initiate climb at point B, i.s. some distance before reaching N in order to intercept the
reference climb "path. ‘Thus the location ¢f point B can vary and must be determined through pretest
flights.

Point K, the take-off reference noise mensurement point, is the location of the center noise measure-
ment lhuon nt 500 m past N. Point F on the reference profile is directly above point M. Noise
measurements llnn when the helicopter flies over point T and ends. when the helicopter flies over
point M. The time spsn TM must be determined such that it begins well before, and ends well bey-
ond, respectively, the "10-dB-down-time" of the noise of the helicopter in flyover. )

To execute the take-off test procedure, the helicopter must be stabilized in level flight at a height
of 20 m ind at the bng-nto-ot—climb speed VIy at point A (see Fig. 32.23a); it continues in level
num' to a point B, where the maximum take-off power (corresponding to the minimum installed en-
gtno npocmcauon pwor" or gear-box torque, whichever is lower) is applied and a steady climb
inm-ud Steady climb conditions are reached at point N. These must be maintained at least
throu.hwt {better .tm well beyond) the "10-dB-down-time". During climb, the rotor speed is stabi-
llud at the maximum normal operating RPM certificated for take-off (2 100% RPM). Also, the heli-
eophr m\ui b. in ltl maximum certificated take-off mass.

(b) Level Fiyover

For level ﬁywor (th. 2.23b ) the holg,mur ‘must be in the cruise oconfiguration and must be stabi-
fited -in level’ m.m ovorhud the fiyover reference noise measurement point at a height of 180 m.

* The terw “minimum tmunod engine -poomenuon povu"' doﬂnu th- minim g\m-m g speci-
numn angine power

i
i
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Fig. 2 23 Noln co;mtcnion test procedure for heucoptorl.
Tty t.

' Ccr = level flyover

bottas - landing spproach

The ﬂlght speed ﬁult
be tho lesser of 0.2 Vu
{or 0.9 VNE) or 0. 45 A\

+ 120 km/h (or Vyg *

120 km/h) whon NE
is the '"never exceed
npeed", ggd VH is de-
fined as the airspeed
in lovel flight using
the torquo u minimum
lnsullod. mnximum con-
tinuous power under
1013.25 hPa  ambient
pressure  and 25 °C
umbiont temperature.
The rotor-speed must
correspond to the
maximum certificated
normal operating RPM
(& 100% RPM) for level
flight. Again the heli-
copter mass must corre-
spond to the maximum

certificated take-off
mass.

() Approach

For landing approach
(Fig. 2.23c) the heli-
copter shail be stabi-
lized in its landing
configuration (e.g.
landing gear down if
applicable) and must
follow a  6°-approach
path, such that it
overflies the approach
reference nolss mea-
surement point at a
height of 120 m. Flight
speed must be the best-
rate-of-climb apeed \'y
and rotor speed the
maximum certificated
normal operating RPM
for approach flight (3
100% RPM). The heli-
copter mass must corre-
spond to the maximum
certificated landing
mass.
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3.7.3

lnmnly. the "maximum A-weighted flyover -seise ‘lével, L. Amn" was considered an appropriate
noiss evaluation measure, since the helicspter frequently uptntu in areas, wherw community noise
is also measured in dB(A). However, since other:aircraft, such as the heavy propelisr-driven aerc-
plane and subsonic jet-aircraft are noise-certificated in terms of EPNL, homogeneity with these was
considered more important to allow a direct eomparnon. and the EPNL was selected as the noise
evaluation lhlm. Wi 0 : Ce e :

i ST DVEN IOy S S PO RPN o < . A -

To doﬂvo appropridte noies ltmits, all available data &t the time (prior to CAN/7) on current heli-
coptera’ ware utilized. In drawing the noise-limit line, allowances had been made for foréseeable
technical ‘edvances 'snd messurement uncertainties. Fig. 2.24¢ shows the noise limits in terms of
mas-dépendent EPNL-values -for the three (flight-procedures take-off, flyover, 'and approach, as
agreed ‘at CAN/G (1981) and as revised and presently in: force since CAN/7 (1983),

For convenience, the mass-dependent noise limits in EPNdB for the three test procedures and the

respective break-points are listed in TABLE § below (note that a logarithmic mass-scale is used, as
with the subsonic jet and heavy propeller-driven aeroplanes): :

TABLE 8 Chapter 8 Noise Limits for Helicopters after CAN/7

Take-off Noise Limit: 89 EPNdB up to 788 kg; 109 EPNdB above 80,000 kg

Overflight Noise Limit: 88 EPNdB up to 788 kg; 108 EPNdB above 80.000 kg
Approach Noise Limit: 80 EPNdB up to 788 kg; 110 EPNdB above 80.000 kg

2.7.4 Reference and Permissible Test Operational and Atmospheric Conditions

The following reference conditions for helicopter noise certification testing have been established

sea-level atmospheric pressure of 1013.25 hPa;
ambietit air temperature of 25 °C (i.e. ISA + 10°C);
‘relative humidity of 70 %;

zero wind.

o o e o

Certification noise medsurements may however be conducted within the same atmospheric windows as
applicable to subscnic jet - leropl-nu or heavy propeller-driven aeroplane testing, i.e. under the
followin. conditions:

s no precipitation -

o ambient air tempeut.uro (1) meuured 10 m above ground must not be below 2 °C or
above 35 °C;

o nlnttvo humldlty (RH) along the entire noise propagation path must not be bolow 20 %
T 7 or above 95°%;

° oortain eomblnntion. of RH and T that would result in an atmospheric scund attenua-
e ;‘l‘m ian9 )oidon of 13 ds/mo m in the 8-kHz-1/3-octave-band must be avoided (see
R 1) :

o the average wind must not exceed 19 km/h and the cross-wind component (relative to
the flight direction) must not exceed 8 km/h. If a head or tailwind affects the over-
ground speed, this fact must be accounted for in the EPNL-computation procsss. Spe-
cifically, if in the level flight test procedure, the difference between airspeed and
ground speed exceeds 7 km/h, then flights should be" mnde in equal numbarl with and
against the wind direction. )
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Also for measurements, the following maximum devistions frem ‘reference conditisna are permitted

deviation from the vertical above the reference track +/-10°
flight speed deviation from refersnce +/- 9 km/h

mass deviation from reference - -10%/+5%

rotor rotstional speed within +/-1% of 100% RPM.

o e 0 o

Originally, there had been a "no-correction window". Regimes of certain atmospheric and operational
parameters had besn defined where - if prevailing - no subsaquent data correction would have bean
necessary: However, helicopter noise was found to bs very sensitive to even minor deviations espe-
cially from operational reference parameters such that at present thers is no no-correction window,
and all data must bs ocorrected towards refersnce conditions. As there is still not sufficient in-
formation -available on the effect of various operationsl and flight parameters on the final EPNL-
value, futurs sdjustments to the permissible test window (in terms of a narrowing or widening)
cannot be excluded.

2.7.5 Flight Path Tracking

i As with all sircraft that are noise-evaluated on the basis of an EPNL-value, precise flight path
: tracking is necessary. This must be done by an aircraft-independent meana, preferably involving
kinetheodolites, radar- or laser-equipment. Frequently, a method is recommended where at least 3
vertically mounted cameras on the
intended  track, approximately
500 m apart are used in conjunct-
ion with radio altimeter data from
on = board systems. The photo-
graphs thus taken are used to
establish the helicopter's height
and its lateral off-set.

2.7.6 Acoustic Dats Acquisition

Acoustic dsta must be acquired by
pressura-type microphones posi-
tioned 1.2 m above ground. No
changes - say towards employing
ground-proximity microphones -
are presently envisioned, since
the helicopter noise spectra are
thought to be less vulnerable to
ground-reflection effects than
those of a light propeller air-
craft. Similar considerations as
advanced in Section 32.4.6 for the
heavy propeller-driven aeroplanes
slso apply to the other aspects of

s“a:aﬁﬁ‘a‘ﬁ sep22333 sasgd3d
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' Fig. 2.3¢ ANNEX 16 Chapter 8 noise limita per CAN/6
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As stated already, all data must be adjysted towards reference conditiens, involving again &
source-to-greuna path cerrection (Delta 1 and Delta 2) snd s source correction (Deita 3).

(a) Sew ion (Delta 1 ita 3

The difference in atmospheric attenustion as a result of differences between reference and test
flight path, as well as in atmospheric conditions: must be accounted for in the evaluation of the
measured data. The procedure corresponds to the one discussed in Section 2.4.7, relating to & Delta
1 adjustment of the measured EPNL-value. However the total sllowed adjustment for the Delta 1 term
shall not exceed 4 EPNdB.

Deviations in the test flight speed and height from refersnce enter the calculation of the EPNL by
virtue of & change in effective ground speed and the ensuing change in sound exposure duration
which requires a Delta 2 adjustment of the measured EPNL-value, again corresponding to the cne
discussed in Section 3.4.7. However, the total allowed adjustment for the Delta 2 term shall aot
exceed 2 EPNdB.

(b) Source Correction (Delta 8 term)

For a level flight condition helicopter source noise is distinctly determined by the main rotor
advancing blade tip Mach-number and thus very sensitive to even slight changes in RPM and flight
speed. Corrections must be made on the basis of a "noise sensitivity evalustion". A noise sensiti-
vity curve relates the Percaived Noise Level (PNL) to the advancing blade tip Mach number, com-
puted from true sir speed, outside temperature and rotor speed. By varying one or several of these
primordial parameters and measuring the ensuing PNL-values during flyover one can derive a noise
sensitivity curve which can then be used for the source noise adjustment towards reference con-
ditions in terms of the required Delta 3 term. An example of such a procedure is discussed in
Section 3.6.2, an appropriate illustration appears later in this AGARDograph as Fig. 3.68.

(e) Test Result Validity

Each test-flight produces one EPN-level at each of the three microphones. ANNEX 16 requires that
these 3 EPNL-values are arithmetically averaged to arrive at one certification EPN-lavel. Also, a
minimum of 6 valid test flights (for each procedure) is to be conducted and the ensuing EPNL-
values must be further averaged to determine (in a statistical sense) the mean and the standard
deviation of the mean, to establish a 90% confidence-limit not to excesd +/~ 1.5 EPNdB. (See also
AGARDograph Appendix E).

(d) Trade-offs

Trade-offs are allowed, if noise limits at one or two measuring points are exceeded. However, the
sum of the excesses shsll not be greater than 4 EPNdB, any individual excess at a measurement
point shall not be greater than 8 EPNdB, and any excess shall be offset by a corresponding reduc-
tion at the other point(s). It will be noted that these trade-off allowances are more lenient than
those applicable to heavy propeller aeroplanes and subsonic jet sircraft.
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in the previsus Chapter the noise certification test procedures as specified in the ICAO ANNEX 18
document have been presented in detail. In this Chapter the practical execution of noise certifica-
tion testing and analysis will be discussed. Acvordiagly, there will be discussions en the acoustic
and non-acoustic equipment nesded either in the field for data acquisition or in the laboratory for
deta amalysis; there will be discussiona pertaining to the test preparation, to the test aite selec-
tion, to equipment set-up and test conductance. The Chapter will conclude with & discussion of data
analysis, specitically for determining ths noise weasures 'maximum A-weighted flyover noise level'
and ‘'Effective Parcsived Nolse Level'. Excellent guidance material towards conducting flight noise
measursments has besn compiled in |4|.

3.1 Istreguctios

The basic equipment nesded in the field for noise certification testing is shown in a block-diagram
in Fig. 3.1, The noise measuring system as such (Fig. 3.2) consists of a data-acquisition block, a
data-processing block and appropriate calibration instrumentation. Here, the data acquisition block
includes microphones with preamplifiers, signal-conditioners, and analog or digital tape-recorders.
The data processing block (if used in the field) could contain on-line spectrum analysars or would,
A8 & minimum, consist of s sound-level meter to read overall unweighted or A-weighted noise
levels. Noise-monitoring equipment should also be available, such as oacilloscopes or other suitable
read-out instrumentation (graphic level recorders and/or printers). Calibration in the field would
most likely be re-
stricted to selected
frequency-sensitivity

Flight Operational checks using piston-

phones. An overall

Data MOI‘M frequency response

calibration (over the

h—— entire frequency
range of interest)

m“'.h' “OWG' Tra would normally be
m;yﬂm Station Non,l::::: done in the labora-
[ 1 tory wusing electro-
GROUND static actuators in

,/—' BASED combination with

Time Code Master Measurement Station e
Synchmi:oﬂon “Control Van tors prior and/or
— after the actual

test.

In addition to the

Fig. 3.1 Basic mcasursment-equipment nesded in the field for noise noise measuring
certification testing

system, one or more

ground based sta-
tion(s) for weteorclegioal deta soquisitiem (wind, temperature, ambient air-pressure and humidity)
are necessary. If such weteorological information was nesded over the complets sound propagation
Path between the acoustic measurement station and the aircraft, weather balloons, sounding
equipment (sodar), the test aircrafi itself or an additional monitoring aircraft is used.

For sircraft trajectory memitering one or several tracking station(s) are required using optical
ground-based or on-board tracking systems or radio/radar tracking systems. The test aircraft itself
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is usually equipped with its own on-beard deta soquisition aysteme to moniter operational condi-
tiens, such as propelier or rotor rotatisnsl speeds, engine power, thrust, torque, manifold pree-
sure, otc., as well as indicated air-speed, aircraft altitude and wind veoter, outside temperature,
humidity and pressurs,

Communicution between individual weasurement stations, a nearby airport tower and the flight test
crew is of the utmost importance both in terms of eral ocemmunication and time synchreaizatien of
acoustic and eperational data. The central-, or master-, measurement-station will therefors contain
appropriate radio- communication equipment, while all test personnel will carry individual “walkie-
talkies™.

More acphisticated recording and analysing equipment will be available in the laboratory, notably
computer processing to handle the sometimes vast amounts of data.

In the fellowing, Section 3.2 will ireat acoustic test wquipment, Ssction 3.3 other (non-acoustic) teat
equipment, i.e. tracking-, metecrolegical, time-synchronization and on-board instrumentation,
Section 3.4 criteria for site-selection and test sstup, and Section 3.8 details on the sxecution of the
test. The final Section 3.8 will discuss the analysis and correction of acoustic data.

3.2 Acoustic Test Equipment

The entire acoustic data acquisition/reduction chain, as shown in Fig. 3.2, will now be discuased
in detail. Photographs of some typical individual components of acoustic equipment appear at
appropriate places in the text.

Calibration Data Acquisition and Reduction
Seneilivity check Date ecquinition = Data reduction
|
Source of |
oo [~ |
pressure
ond frequency l
Micrephene/ T trum
preampifier em-n::rdw-mtw Readeut
Frequency-rsspense check ] |
i |
Signet generator 1 : :
|
r 4 |
L

Fig. 3.2 Block diagram of noise measuring system for acoustic calibration,
data acquisition and reduction (reproduced from |1|)

3.2.1 Data Mﬂn
{s) Condenser Microphones: Types and Characteristics

For aircraft noise testing, condenser-microphones are recommended since they offer long term stabi-
lity, operational reliability and robustness. There are busically three types of condenser micro-
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phones: Iree-field~, pressure~ and. diffuse-fisid-micraphones. Of these pressure-type amd free-field
microphones can be weed in memsuring aircraft noise, whereas diffuse-fisld micrephones are not sui-
table. An extensive disowssion oo microphone characteristics appears in |8).

Since microphones are probably the most important link within any acoustic measurement chain,
their characteristios should be well understood. Thus, for example, one must clearly distiaguish
between the (mqmmy-domdmn pressure sensitivity  of a microphone and the (likewise frequency-
dependent) prmun-lncmu on the microphone diaphragm due to the phyaical dimensions of the
microphone.

The pressure response of a microphone ia best determined by applying a defined pressure frequency
swesp in a small cavity placed atop the microphone diaphragm. Glearly no directivity aspects
enter, as there is simply a pressure atop the diaphragm within the cavity. If the pressura. re-
sponse of a microphone must be determined “under less favorable conditions”, i.e. in a freefield
snvironment by applying & plane wave frequency sweep, thers will be an effect of the microphone
body. This body causes an effective change (increase or decreass) of the pressure on the micro-
phone diaphragm. The value of this pressure change is frequency-dependent but depends also on
the angle of sound incidencs. This is illustrated in Fig. 3.3 for several B&K 1/3-inch condenser
microphones aas indicated.

" l | I
Fres Field Corrections for
12}— Micraphones 4133, 414,
4147 and 4149 with /
Protection Grid 3./
10}-

i @A)

\\
AN
B

o
1}

A} \‘\
2 NN \

Correction to be added 1o Actusior Response (d8)

]
\

W\
)
()
[}
A
-—-——'/

p—

] A\

e
10 15 20 30 40 50 60 70 100
Frequency, kHz 201088

Fig. 3.3 Pressure increase on microphone diaphragm as function of frequency for different sound
incidence angles

To obtain the freefield sound pressure (value of the sound pressure as if the microphone was not
there) as resulting from a sound source in a known direction one has to add the ‘'Delta p' values
from the measured sound pressure. For example, if the sound wave impinges under a 0 degree angle
of incidence ¢ dB at 10 kHz and 9 dB at 20 kHs must be subtracted. If the microphone is turned by
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90°, such that the sound from that sourcs now impinges st “graeing incidence” i.0. under & W
degres angle of incidence, one would have to subtract 0 dB at 10 ks and add 1 dB at 20 kMs. If
the ssund comes frem the rear L.e. with an incidence angle of 180 degrees then ons must subtract
0 4B at 10 kis and add 8 4B at M0 kis.

One might aow appreviate why ICAO recommends the use of such a "pressure respones” microphons to
be adjusted for & grasing.incidence angle with reapsct t the incoming sound wave: for swoh a 90
degree sagle of ineidence the pressure change dus to the physical pressnce of the microphone is
tatrly small (only 1 @B too high at 10 kiz). Pointing such a microphone towsrds the source (1.0,
under an angle of incidence of O degress) would cause much higher and undesirable pressure in-
creases. Of course, in measuring the noise from aircraft in flyover the dominant scund intensity is
in a frequency range much below 10 kHs anyway, and the small devistion in pressure response at
and above 10 kis is of little conssquence.

For a "freefield microphenss” (such as the BAK type 4133 1/3-inch condenser microphone) the fre-
quency response towards & scund wave impinging under O degress has been adjusted by the manu-
facturer such that there the pressure increase is electronically compensated for; hence its frequency
response is flat 'up to 30 kHz. Of course, such a microphone would have to be continuously pointed
towards the sound source, an inconvenient uadertaking for an mircraft in flyover. Hence, again,
the pressure response type microphone under a graszing incidence arrangement is to be preferred!

Thus, a microphone is named after iis frequency response flatness: a pressure microphons has a
flat response for pressure excitation ("under a little cavity") while a freefield microphone is flat
for sound impingement at 0° incidence up to its highest usable frequency.

Another important aspect in selecting microphonos relates to the desired frequency range, and
dynamic response. Condenser microphones are offered in different diameters, such as 1/10 inch, 1/8
inch, 1/4 inch, 1/2 inch and 1 inch. The small diameter microphones usually have a frequency
range that extends to very high frequencies (up to 180 kHs), i.e. well into the ultrasonic range.
They are, however, much less sensitive than the larger diameter microphones and generate higher
internal noise.

For flyover noise measurements, the sudio-frequency range is of primary interest. A microphone's
frequency range must therefore normally not extend much above 10 or 13 kHz. Thus, the larger dia-
meter microphones, i.e. 1 inch and 1/2 inch are mostly used. Thess microphones have a large
dynamic range, typically from 10 dB to 148 dB (re p = 2x10"% N/w') for the 1 inch microphone and
from 25 to 160 dB for the 1/2 inch microphone. Due to its smaller physical sise, the 1/2-inch-diam.
condenser microphone is preferred in measuring aircraft noise.

1/4-inch and 1/8-inch-diam microphones are mostly employed in laboratory or wind tunnel model
noise studies, where the frequency range of interest often extends into the ultrasonic regime. It is
however not only the actual frequency range that is of importance in this context (aircraft noise
has little energy in the ultrasonic range), but rather the extremely fast pressure rise-times that
are characteristic for impulsive type sounds. Such impulsive noise typically occurs during helicop-
ter blade-slap or from high-speed propellers. Microphones with an insufficient upper frequency
range would tend to clip such an impulsive 'needle-typs" signal: Those with a wide frequency
range extending into the ulirasonic regime are therefore sometimes used when aircraft noise contains
impulsive components.

(b) Wind Screens

Microphones in the field must be equipped with windscresns to reduce wind induced noise. Such
wind screens, sometimes also called "wind-balls" of 6 to 9 cm in diameter typically provide a 10 dB
noise reduction for wind-induced noise for wind speeds within the acceptable range for ocertification
testing.
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1¢ 18: dkeo .ud practios (whea using condemser mnonu) to empley Mu-umon ‘which can be
inserted betwesn the microphone-cartridge anmd the preamplifier. In the courss of a typical test
day, microphones and other equipment may be set up early in the merning, when humidity tends to
b highi: Siries instrementation should Bs dwitched en. at least one hour before the lired weasure-
m¥nte Sre- madd, misrophenss must be protestad from humidity whieh oan condense on of behind the
diaphragm. ‘Nete that a debumidifier requires "back-ventsd" microphone cartridges (not atde-vented
onee) waﬂw the uulxul ageny (o.g. silica gel) to remove detrimental humidity from inside the
nimpm : "

(@) M‘_"_

Directly behind the capacitor of the microphone cartridge or behind the dehumidifier there will be
the preamplifiet. The main function of a preamplifier is not to provide voltage gain, but to convert
the' hgh- elactrical impedance at the output of the microphone {typically greater than 109 ohm) to a
Jow impedance {(typically less than 25 ohm). A low impedance is nesded to drive long signal cables
without significant attenustion of signal amplitude. Preamplifiers are designed so that their physi-
cal dimensions match those of the cartridge, combining into one handable unit. Within the design
fraquency range they are linear, i.e. they do not change the frequency response of the cartridge/
preamplifier assembly. A typical 1/2 inch diam presmplifier for use in combination with a 1/2 inch
diam eu-tﬂd.c for -mplo. would be linear between 20 Hz and 20 kHs.

The combination of the wind-scresn ("wind ball"), the microphone-cartridge, the dehumidifier, and
the preamplifier then constitutes the "microphone assembly", or "microphone" for short (Fig. 3.4).

(e) Power Supply

Condenser microphones (other than the prepolarized
types, see Section 'f' below) muat be supplied with a
polarization voltage (e.g. 200 V). Also, the preampli-
fier ("impedance converter') requires its own electric
power. For both such purposes, power is usually sup-
plied by an external supply- unit that is connected via
a ascreened cable to the microphone-assembly. Such
power supplies can be battery-driven (supplying only
one or two microphones, Fig. 3.4} or be connected to
the electric main power supply in which case they
could feed several microphones (e.g. six or eight} by
multiplexing.

An external power-supply is not necessary, or can be
. bypassed, if the microphone assembly is connected to
some measuring instrument that has its own built-in
power-supply. Certain types of ‘'Sound Level Meters'
("SLMs"), 'Frequency Analysers' or 'Measuring Ampli-
fiers' come with power-supply connections so that
microphone-aasembliss can be connected directly to such
equipment.

_ The power supply unit (or units) would then connect
ﬂ‘ 8 N i ) through an appropriste number of cables (one for each
‘ Mu“&nmdpo:‘.rb:mp ~drivon - . gicrophone) to & tape-recorder (or, as the case may
© {BAK type 3004) . be, to a level-recorder or to some other display unit

otc.).




Pregolarised condenser microphones are constructed with a charge-carrying layer on the diaphragm,
oliminating the need for external polarisation. Their main advantage is in the powsr savings in
fisld: uss (i that i1s of coneurn) and they are typieaily used in comjunctivn with hand-hald preci-
sion ‘seund lwvel mevers: If - as in notee csrtification of light propelier-driven mereplanes - only
an L‘M..“-‘vdm ts W be determined by visually reading the meter, using a prepelarised Wicro-
phote is ocshventent. : :

The sutpit of such a micrephone/sundilevel-metar aystem can aiso be recorded on a tape-recorder
for later laboratory analysis. Prepolarised micrephonss are ususlly of the free-fisld type. (rather
than of the pressure type); they must, therefore, be actively directed towards the airorait,

(s) Extension Red

It i often' convenient to attach the microphone-assembly to & [flexible extension rod (sometimes
cnllvd "goote-neck”), which can be mounted on a floor-stand or tripod. It can aleo be directly
contected with' a’ portable BLN. The gosss-neck allews a preasure-responss type microphone to be
ebsily positioned in the direction of the expected grasing sound incidence. This (s particularly
convenient for side-line microphones, where the diaphragm must be criented at some angle with
respect to the ground surfate plane. Tripod heads, can, of course, sivc be directsd in any desired
pesition for optimum wierephone orientation.

The above Bicrophone arrangement refers to the customary position 1.2 m above the ground, as still
specified in the ANNEX 16 Chapters 3, 6, and 8. If the microphone must be positioned directly on
the ground to eliminate ground reflection effects as required in ANNEX 16/Chapter 10 a specisl
adapter must be used, which places the invarted microphons at the correct distance {7 mm) above
the circular hard support plate (see Fig. 2.12).

(h) Extensien Cabies

The centerline microphone is usually placed fairly close to the data vecording station (within 10 to
30 m distance, or so). Sideline microphones as required e¢.g. for helicopter noise certification are
100 m to each side of the center wicrophone. This distance can bs bridged by extension cables,
which typically come in lengths of 3 m, 10 m, or 30 m. Such cablea must be wall shislded, so that
00 extranecus signals, as radiated by radio stations, are picked up. (It way be entertaining (for
the test-enginesr to listsn to music through his acoustic data acquisition aystem, but that is cer-
tainly not halpful for the original purpose). Even longer distances will have to be overcome, if the
aighals from several wicrophones (say at 450 m to both sides of a center-station) must be recorded
on the same recording: tape. If this is not absclutely necessary, it is ocertainly less complicated to
oquip each remots wessurewent station with its own taps-recsrder. In that case, time-synchroniza-
tion i3 imperative, and each measurement station should simultanecusly record a common, radio-
transmitted, time-code on the data-taps, as will be discussed in Section 3.4.2.

(1) Electric Power Generstors

Much of the equipment desoribed’ above is available in battery- driven versions. Although automo-
bils batteries can sometimes provide low voltage slectric pawer in the fisld, it is usually better to
use a quint pleton- eaging powsred electric power generator. Such power generators are svailable
1n lewinslod versions whish can Be posttioned fairly close to the microphones. If many taps recor-
Sare; - power- Supplies;  Anslysers otc. muat be used In a field where no electric current is avail-
able, such autonomous generators are very convenient. Commercial wodels, supplying, for example,
400 W or 1000 W, are well asuited for the subject purpose.
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{s)- Sisng) Senditisning (Amplifisetisn, Quectrel Saping)

The sigaal, 88 it eomes frem the micrephone via the preamplitier requires seme cenditioning prier
W revardiag. It will have o be amplified and - il nesessary - apectirally shaped belore it can be
ressrded on & ressrder of itmited dynamic range. The mierephene signal ia ususily of the corder of
uilliVelts (oometimes enly microVelts) and must be amplified to the voliage required fer the teape
recorder (usually of the order of 1 Voit RMS). The signal conditioning depends on the ariginal sig-
asl strength and on the special characteristics of the acsustic signal (e.g. if it has predominantly
low frequensies or predeminantly high frequenciss, or if the dynamic range is beyond the capabili-
ties of the ressrder).

For example, the noise signature of a helicopter under biade slap conditions with substantial im-
pulsive l:om components may have a totsl dynamic range of 30 dB, A typinal analog recorder,
howsver, would not be capable ¢f recording such a large dynamic range. In such a case one can
wpoecArally shaps the signal by de-emphasising (attenuating) the low Irequency-part with respect to
the high-frequenty part, thus reducing the dynamic range af the entire signal Qelfore recording on
one channel. This technique will aleo be discussed in Section 3.3.3.

Auplifiors with typical gains from 1 to 1000 in conjunction with a band-pass filter (e.g. variable
high-pase/low-pass capabilities) could be used for such purposss. A commercially available dual
channel filter for instance features & high-pass filter with a variable low frequency cut-off 0.1 Hs
to 10 kita. Buch filtaring can also be useful in field waasurements where wind-induced noise of pre-
dominantly low frequency could cause an overicading of the tape-recorder's dynamic range.

(b) Asalog Tape Recordecs (Direct Mode, Frequency-modulated 'FM' Mods)

In the area of aircraft noise ressarch analog tape recorders are still most widely used, although
digital recorders (and moderately prised video-recorders) may eventually replace analog recorders
on acoount of their substantial advantages with respect to dynamic range, linearity, track-to-track
phase match and loag recording duration.

There are two basid types of recerding medes for analog tape recorders: direct recording (DR) and
Irequency modulation recerding (FMR). High quality tape-recorders accept plug-in unita which sllow
all o a number of channels to be converted from one into the other. In the DR-mode, the analog
signal ia directly recorded on tape, while in the Fil recording mode the signal is modulated upon s
carrier-fraquency; amplitude variastions then result in carvier-frequency modulations.

DR and FMR differ in their relationships of tape-speed, achievable frequency range, dynamic
response and signal-to-neiss ratio. In the DR-mode only AC-signsls can be recorded down (o a
lowset frequency which is a fumction of tape-speed. A typical analog tape recorder, in the “inter-
wadiate band" mode, might have a DA-bandwidth of 300 Hs - ®00 kHz at the high taps speed of 120
in/s and one of 80 Ha - 2.3 kHs at the low tape speed of 15/32 in/s.

When operated in the Fi-mods, tape-recorders can record from DC, i.e. from 0 Ha up to a highest
frequency which again depends on the tape-speed. A typical tape recordar - such as the RACAL
Sorehoree 14 channel tape recorder (Fig. 3.8) in the interwmediate band mode - can record from
O Ha to 40 kM= at 13 in/s and from O Hs to 188 Hs at 15/32 in/s. The benelits of FM recording lie
ia the gosd lew-frequency phase linearity and the excellent amplitude stability. Fii-recording 1s
therefere particularily wesful, when acoustic wave-forms ("acoustic pressure time-histories") must be
praserved vather than the spectral infermation.

For flyover noise messurements, where the typical frequency range of intersst liss between 50 Hs
and 13.3 ks one could use either the DR-mode at the fairly low tape speed of 3 /¢ in/s (with an
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' - Flg 3.5 14-channel tape recorder (RACAL Storehorse)

associated frequency r1ange of 50 Hz to 18 kHz and a dynamic range = S$/N-ratio of 40 dB). If even
lower frequencies are of interest, such as for certain types of helicopters, one would employ the
FM-mode at a tape :need of 30 in/s to allow recording from 0 Hz up to 10 kHz (S/N-ratio of 52 dB),
or if necessary of 60 in/s to record up to 20 kHx (S/N-ratio of 52 dB).

Ciearly, the recording mode and tape-speed to be employed largely depend on the frequency range
of interest and the dynamic range of the signal to be measured. In field use, tape consumption
may also be an important issue (apart from cust-aspects): if a slow tape speed can be used, tape
changes are less frequent - 2 distinct advantage, since any such chango constitutes a teat-disrup-
tion and requires a new tape calibration. On the other hand, if high quality data at relatively
low frequencies are required - as for instance in helicopter noise research - the FM-mode and a
high tape speed must be used, e.g. 80 in/s. 'l'o give an indication of tape-use: 2 typical 156-inch
tape reel would run through the recorder in lbbut 30 minutes at that tapo-npood

In a typical noise-certification test for nublonln jet’ nropl‘nu between 6 and 8 microphones would
be a minimun required for the hke-oﬂ/lld.une noile d’.h ucquultlon. If, in addition, microphones
at different ho&ghtu !H“ the ground are -nploved (,u becomes qutto common now ln aircraft noise
research) to emnpnj_gbo ulcnn.x from e.§ A m'lcmpl.oﬂp at 1.2 m above ground and one directly on
the ground surface, N me mlcrophonu mun be ‘smployed. 1p that case a multi-channel tape

FM-mode or the DR-mode by means - of l!-unitu. These instruments allow
recordings from DC up to 18 kHz at 18 in/s tn .%In tha DR-mode recordings from 20 Hz
to 6 kHz at 1.8 in/s, or from 356 Hz to 75 kHe at 15 in/l are possible. (These lower and upper
bound frequencies are def_lned by the J;gppocuv‘eﬁ-a dB poip.t,o”!)_.
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jFder (BEX type 7008)

A tape recorder must provide at least one voice {(or cue) channel for annotation purposes. Many
tape recorders feature an extra voice-irack (usually at the edge of the taps) with less dynamic
and frequency rangs than the measuring tracks. On such special tracks a continuous time-code or
time-synchronisation (square wave) pulses can also be recorded.

P g pney 5 Ot e

Pig. 8.7 7-chanel Uips revorder (NACAL Biore D8 7)




| i.__.......__w___ . _ e : e e

49

Tape-recorders - with 2 channels can also ‘be used in airoraft noise certification : where “only one
microphone .is. required,. as in light propsller-driven ‘asroplane riciss certification. Autonomous

medsurement stations  could then each use a yeparate 2-channel tape recorder, such as the NAGRA
type: IV.8) (rig. 3.8): : .

et ——

——— -

o

Fig. 3.8 2-clunnoltapoueordor (NAGRA type IV-8J)

(e)

e - ety .
e

Digital Tape Recorders, Video-Recorders .Pbulﬁ

o

If flyover noise data are to be evaluated lnmm of
store data as obtained in the field directly in digitsl
would eliminate the intermediate step of ac

EPNL using a computer, it is convenient to
form, ready for computer-processing. This
q"utrmx/mﬂiit the data i analog form first, - as
before processing - data would have to be eonmcd to. dtgtjhl data,
appropriate direct digital recorder is the TEAC RD-101-1
; v . best of both worlds" by employing one channel of
’ : : : storage of very low frequency (non-acoustic) info
perature, air- pressure etc.) or some time-code,
| for the acoustic data.

anyway. .Ap example of an

(Fig. 3.9). One could make use of "the
an asalog multi-channel tape recorder for digital

rmation, such as atmospheric data (humidity, tem-
while using the other channels in their FM-mode

Better results than possible
with direct recording or FM-
recording of analog data can
be obtained by recording
digital data on analog tape
recorders. In that case the
analog signals must first be
converted to digital data by
means of an  appropriate
Analog/Digital-Converter such
a8 the Nakamichi DMP-100
which employs pulse code
modulation 'PCM'; this is a
d-channel unit that can accor-
‘dingly fesd 2 tape-channels.




Digita} ‘data .recording .provides excellent frequency-linearity within .the required frequency regime.
PCM. digital data .can be stored on a normal analog tape-recordar.'and played back:through a Digi-
tal/Analog- Converter ito. supply the original analog data for further processing  if necessary. PCM
digital data can also be recorded on commercial video-recorders. Because of the high bit rate,
which video-recorders can accept (on account of their rotating record/reproduce-heads), they have a
large dynamic range of typically 80 dB. This is substantially better than that of any analog recor-
der (with typically not mors than 40 to 50 dB). Some older video-recorders, however, show high
drop-out rates, & distinct dindvunttgo in u:aultlc dnn storage. Clenrly, loss of even only a few
‘bits' can ultimately resul

i High gquality vtd-o-mordm (lheh a. M thc somr v—luuc"‘fmin. '_l,l. 8.10) with improved
l error-detection and ‘correction capabilities wust ‘be putomd. thor.fore. To-day's video-recorders
: use only 2 trnckg, whleh het may present s umiution in “acoustic flyover noise testing, where

frequently more ¢l :

The advantages of the
PCM-processor/ video-
recording approach (wide
. dynamic range, excellent
frequency stability, long
recording times in the
* order of hours at very

reasonable tape consump-
tion) are counteracted by a
severe disadvantage for
acoustic data storage: the
limited; frequency range of
typically only 1/4 of that
of an FM-recording. De-
pending on the number of
channels used, the upper
frequency limit wmay be
only a few kHe (typically
1 to 3 kHz).

- s vt R — Low-price PCM-procesasors

Fig. 3.10 Video recorder (Sony U-matic) must be started and

stopped by hand, which is

; inconvenient. There are, however, other high quality (and high price) multi-channel audio-studio

! digital recorders with built-in PCM-prosessors : for ‘all' chanpels, such as the 24-digital-channel/

4-analog-channel SONY type ‘PCM-3324 (g‘. 3.11) with . mm record/reproduce heads. This in-

strument combines high dynamic range. fin excess of 90 dB) with s aufficiently wide tuquoncy-unn
(20 He to 20 kHz +0.8/-1.0 dB), requh‘h\. honw“hubzapo apieeds.

Eabi

If dynamic range is not the overriding “issue 1n a test, the "conventional" analog tape-recorder in
its FM-recording mode may still be the best instrument for sircraft noise measurements.

(a) . Clipping SRl
Ir. actual. field testing, acoustic data - as received from d\o microphone - must be checked before

i

|

‘ they . are: stoved, 1t is useful to monitor incoming signals before recording. This can be dons by
1 visuslly observing either the pressure-time traces on sn oscilloscops or the voltage- (i.e. level-)
|
]
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indicator on a meagurement Itfier or an indicating (precision) sound level meter. This practice
helps to check for clipatiiser mildodln;, since the gain” of tho prnmplmor must. be properly set
to assure that u W!ﬂ‘ﬂ an leqnlrod i

Impulsive-typé noise signals
are particularly sensitive to
clipping. As discussed before,
the signal as coming from a
microphone must often be fil-
" tered to cdjult its dynamic
" . range to comply with the dyna-
“mic cange of ‘the recirder. The
gain after filtering iz row dic-
tated by the original signal to
ascertain that it is recorded
within. the optimum regime of
the recorder. Suppose, for in-
stance, that the noise of a he-

R TN A

licopter with blade slap must
be recorded. For the direct-
recording NAGRA IV S} recorder
(ses Fig. 3.8) the 8-dB-distor-
tion- point lies approximately 6
to 8 dB above the 0-dB-mark
("full-scale mark"”). For such
an impulsive-type signal the
amplification should be set so
that the indicator needle re-
mains between 5 to 10 dB below
this full- scale mark. This
practice would provide a 10 to
15 dB margin sbove the expect-
Fig. 3.11  24-digital-channel/4-analo -chlnnel re- ed full-scale signal. On the
corder (Sony type PCM-332 subject NAGRA instrument the
h . ' ' time constant of the indicator
) needle is (deliberately) rather
, long; although this instrument does read "peak'- values, it cannot, therefore, indicate short
' duration impulses. If during a flyover event the indicator needle would show a "peak'- value of
: -5 dB below full scale, there may still be impulsive peaks well in excess of that indication. By
¢ providing an ample overioad margin, clipping is prevented and the impulsive type signal is not
distorted during recording.

This is certainly an extreme case and several other types of aircraft noise, where there are few or
no impulsive components (such as broadband jet noise and low-speed-propeller noise) do not require
such an overload precaution. As stated earlier, it is good practice to monitor all microphone sig- b
nals prior to filtering to obtain an indication of their possible impulsive character (crest-factor). {
Ft.. 3.12 shows time histories of a highly impulsive type signal from a _helicopter flyover, and a :E
fairly broadband signal from a jet aeroplane flyover to illustrate theie two borderline cases. 4

(v) b;nlnlc l"unloﬁ Considerations

Allgwing an’ cxtn safety margin in the gain setting, however "eats heavily" into thc available
dynamic un.o of thu recorder. In critical cases it might be useful to employ a second channel for
noordin( tho same sl;nnl with a different gain setting if tho original nl.naln havo a dynamic
rangé in excess of that of the recordsr. '

e e s e e b 4 e
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Stochastic/
Broadband

Periodic impulsive

e

PRESSURE ———»

TME —» TME ——

Fig. 3.12 Typical pressure time histories for portodlc/tmpulslv. and stochastic/broadband noise

Suppose, a helicopter signal must be recorded, where moat of the acoustic energy is in the low
frequency region and where the signal had a dynamic range of 50 dB. While microphones, preampli-
fiers and signal conditioners can readily cope with such a wide range, a typical analog tape re-
corder cannot. The signal could then be specirally shaped by de-emphasizing the low frequency
portion before recording. Alternatively, when using a 2-channel tape recorder one channel could be
used to record the signal as is (with the appropriate amplification). and in the other channel a
low-frequency-roll-off filter could be inserted, again using the appropriate amplification. Although
the second signal would be distorted in its low-frequency region the high frequency portion would
now be well above the electronic noise floor of the tape-recorder.

(c) Filter Phasing

Employing such a pre-emphasis filter on one channel destroys, however, the phase relationship! For
an ideal filter, the relationship between phase and frequency should be linear; a passive (analog!)
filter usually does not meet this requirement. If the filter had a roll-off frequency of, say, 1 kHz,
then the phase at 4 to 5 kHz will not be linear anymore with frequency. Hence, when the interest
really was in the (time-dependent) wave-form then any time-domain-related information would be
loat. The phase information, however, would still be available on the other channel (where no
filtering took place).

A (direct rocc‘)rding) tape recorder has its own low-frequency roll-off, perhaps at 20 Hz, thus
acting as a filter by itself. It would thus affect the phase-relationship of the recorded signal up
to perhaps 200 or 300 Hz. Phase destruction is inherent. One therefore must employ FM-recorders,
which record from DC on, if one ia interested in the wave-form of a predominantly low frequency
acoustic signal. In thia case, one would also use a signal conditioning amplifier with a correspon-
dingly lower roll-off frequency of e.g. 1 Hz, Such an amplifier would affect the phase only up to §
or 10 Hx. Even for a helicopter noise signature - with substantial acoustic energy at frequencies as
low as 20 Hs - such recording would now be suited for acoustic wava-form analysis.

Choice of the filtering and recording, therefore, depends on whether the interest is in the fre-
quency-domain (spectra) or in the time-domain (wave form). In aircraft notse certification the
information of interest is only in the frequency domain since either the overall A-weighted sound
presaure level or the band-pressure levels in 1/3-octave-bands is required. In the frequency domain
& phase-shift inirodugod by a filtering has no effect; thus one can safely employ DR-tape-recor-
ders, provided their lower fnqucncy roll off frequency is sufficiently below the expacted aignal
frequencies.
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(d) vel i

Flyover noise duta are usually analysed off-line in the laboratory. It is useful, however, for the
test sngineers in the field to have a “quick-look” possibility to verify whether the data, as sent to
the recorder, are valid. One might thus wish to monitor the output of each. microphone not only on
oscilloscope-screens, . but: also employ graphic. level regordings to have an instant record of the
(e.g: A-weighted) flyover noise time history. This not only provides sn ad-hoc feel for the data,
while they are taken; but also helps to detect "unexplainable" differences in the levels from side-
line. microphones or to identify other unrelated - acoustic disturbances. Suitable graphic level re-
corders for this purposs are the B&K type 2317 (single channel) or the B&K 2309 (dual-channel)
(Fig. 3.13): These recorders - acospt different potentiometers, ranging from 10 to 75 dB. In flyover
noise testing a 50 dB potentiometer is usually appropriate for the typical ratio of useful signal and
ambient noise floor. !f more than one or two microphone signals must be monitored, then
multi-channel graphic level recorders can be used.

UMY

Fig. 3.13 Dual-channel graphic level recorder (B&K type 2309)

3.2.4 Calibration

Prior to testing, it is necessary to calibrate the acoustic measuring system to determine both its
frequency responss over the entire frequency renge of interest (e.g. 20 Hs to 12.5 kHs) and its

acoustic sensitivity.

(a) Frequency Response

Frequency response calibration serves to determine deviationa of the entire recording/reproducing
system from an ideal uniform frequency response. In noise certification testing such calibration
would best be done in 1/3-octave bands. The calibration of a system can be executed in one of two
ways: (1) either an overall calibration is made (i.e. from the microphone all the way through to
the final analyser out-put), or (2) each of the major subsyatems (e.g. preanplifier, power supply,
signal-conditioner prior to the recordar input as one sub-system, and the recording system through
the analysis system as the other sub-gystem) is individually calibrated. In the latter case, the
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calibration signals are inserted at the input of each sub-system and the output is obtained at the
last component of the sub-system. The electrical response of the entire system is then the arithmetic
sum of the individual respenses from eash Fub-sysiom.

Defore determining the system responss, the pressure response of any wmicrophone can be obtained by
means of an electrostatic sctuator, employing for example a reciprocity calibration apparatus (e.g.
BAK type 4148) in conjunction with an adapter (BAK type UA 0033). When applying an appropriate
sine-signal to the actuator, the resulting electrical field will move the microphone diaphrage in a
way similar to an acoustic signal, providing the frequency response of the microphons itself. Fre-
quently, however, the manufacturer's calibration shest on microphone sensitivity is accepted, since
only wechanical damage of the diaphragm or some gross mishandling could alter its frequency re-

sponse .

The system-response is obtained by feeding an electrical signal from a sine/random-noise generator
to the microphone-preamplifier from which the microphone cartridge has been removed. The signal is
then swept through the frequency range of interest. In noise certification testing a broad-band
signal (rather than a discrete-frequency signal) sweep is employed; an appropriate broadband
signal would be 1/3-octave filtered random noise, since in measuring aircraft noise it is the
1/3-octave band spectra that are of interest. Instead of white noise (noise of uniform spectral den-
sity & absolute constant bandwidth), pink-noise (white noise fed through a -3 dB/octave filter) is
sometimes preferred for calibrating an acoustic measurement system, since it provides a uniform
level for a 1/3-octave (& relative constant bandwidth) representation.

The output at the final component of the system (or sub-system) then constitutes the (frequency-
dependent deviation from the original input, i.e. the system's frequency response to any given in-
put signal. This infcrmation is then used to correct the sound-preasure band levels.

(b) Acoustic_Sensitivity

While the above ‘calibration ssrves to determine the linearity of the frequency response, the abso-
lute sensitivity is best determined by wmeans of an acoustic calibrator generating a known sound
pressurs. An appropriate acoustic calibrator is the pistonphone. Pistonphonea (being light in
weight, portable and battery-driven) are held on top of the microphone-cartridge, where they gene-
rate an extremely stable, reproducible and constant sound pressure level of e.g. 124 dB at 250 Hx.
There are other types of pistonphones that operate at 1000 Hz or at other preset frequencies and
adjustable levels. It suffices to check the acoustic sensitivity at one frequency only, as the
frequency response is already known from the calibration procedure described above under (a).

(c) Insert Voltage Frequency Calibration

In field testing, where a substantial number of microphones is used that are often located at large
distances from the central measuring station, it is advisable to use the insert voltage calibration
technique. This is a convenient method for remotely field-checking the electrical sensitivity of a
complete sound measurement system, including preamplifiers and cables. The method doss, however,
not account for the mechanical parameters which determine the acoustic properties of the microphone
cartridge itself.

A special preamplifier such as the BaKX type 3645 for a 1/2 inch diam microphone cartridge is
then inserted betwesn the microphone cartridge and the power supply; the power-supply is connected
to the preamplifier input socket of a measuring amplifier or a frequency analyser of s type that
can supply an insert voltage (e.g. the BAK measuring amplifier type 3638). It is also possible to
use an external sine-generator with variable frequency and voltage output. The entire frequency
and Jevel calibration of the measuring system (“downstream" of the microphone cartridge) can then
be done temotely, eliminating the need to perform individual pistonphone calibrations on each
microphone.
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(d) Messyring-nstryment Detector/Indicator Characteristics

The calibration-procedures discussed so far apply to tuntinuous signals. Aircraft flyover noise is,
howaver, inherently . transient in nature and sometimes highly impulsive. In these cases the detec-
tor/indicator characteristica of the metering instrument must be voll understood in order to correct-
ly interprete the signal oburvod.‘ -
. -
Sound level maters (SLMs) are usually equipped with several preset response characteristics, e.g.
termed ‘impulee’, 'fast', and 'slow'. These doil(niuom refer to the speed with which the indi-
cator-needle on the metering instrument (the “acale") approaches a maximum value. The critical
parameter is the ‘time-constant' of the ‘'exponential® averaging circuit' in the instrument; these
time constant - in '"precision SLMa" - are 35 ms, 125 ms, and 1000 ms for the detector responses
'impulse', 'fast', and 'slow', respectively.

If a (tonal) sound burst is applied to an SLM, the needle will start deflecting. But before it has
reached the deflection that would correspond to the maximum signal level, the burst has ended and
the needle will fall back again. The speed at which this happens is a function of the duration of
the tone-burst Y and of the detector time conatant T . The number of deciBels Delta L by which the
needle "fails" to reach the maximum can be calculated from

Delta L = 10 log {(1 - exp(-t,/ % ))

For exaniple, if a tone burst of 200 ms duration is applied to the SLM set at the detector-response
'fast', the needle would come up to 1 dB of the maximum level; if the detector-response was set at
‘slow’, it would miss the maximum by 7.4 dB.

Aircraft do not emit single tone-bursta, but "sequences of tone-bursts" (repetitive sound events of
short duration) which for a helicopter under a blade-slap condition would translate into a periodic
emission of impulses of identical wave-forms. A four-blade helicopter with a main-rotor speed of 400
RPM will, for example, emit 20 impulses per second, each perhaps only 10 ms long. The sound level
meter will then show an average needle-indication, several deciBels below the maximum sound level
during the pulses.

The amount Delta L, by which the needle misses the maximum sound level is again a function of
the detector-response time constant and the burst duration (or some characteristic time duration of
the individual impulse-signal), but now also of the repetition rate of the burats T, given by

Delta L = 10 log {{(1 - exp (-t;/% N/ - exp (~T/ T )))
These dependences are illustrated in Figs. 3.14 and 3.15.

It is therefore necessary to specify the detector-response characteristics of the sound level meter
that is used to measurs aircraft flyovar noise levels. ANNEX 16 specifies a "slow" setting of SLMs
(or equivalent measuring amplifieras) in all cases. This is not wrong, even for impulsive type
sounds, as long as it is understood that the levels obtained depend strongly on the particular time
constant selected; mnaturally, a ‘'slow'-reading produces lower levels than if a 'fast' or an
'impulse‘-reading was taken. But if one agrees on one particular setting, then all aircraft of a
certain ‘ype are treated equally.

This last statement is not entirely true, since impulsive type sound signatures are alco charucte-
rised by their oresi-faster. The crest-factor is the ratio of the peak sound level ‘o the root-
mean-gquare value of a wave during a given period of time. A very steep needle-type wave-form

. W refors to the fact that averaging occurs continuously, i.e. is up-dated
n conirast, linear averaging refers to averaging during a preset time interval
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has a higher crest
factor than & sine-
tast impulse wave, Therefore, cer-
tain limits have been
specified for preci-

slow sion-SLMa: the error
. continuous must bs within
|\ QGQ +/- 1 dB for a crest
‘3 a8 factor of 10.
8

An instrumentation
chain must therefore
not only be calibrat-
ed for its frequency-
response  and the

Fig. 3.1¢ Response to 2 20 ms tone burst at various
detector time constants 'impulse', 'fast', acoustic  sensitivity,
‘slow’ but also for its re-

sponse characteristics
; to impulsive sound, especially if helicopter noise or propeller-aircraft noise of predominantly impul-
! sive nature is expected. Accordingly, individual tone bursts at several frequencies (e.g. 100 Mx,
1000 Hz) and of different time- duration {e.g. 20 ms, 200 ms) should be applied at certzin repeti-
' tion rates (e.g. 20 Wz, 50 Hz, 100 Hs) to the system and the responss characteristics determined.

y Reading in d8 referred to continuous signal level

v v e
! tme 10 me 100 e Pulee length t

Fig. 3.18 Response of rectifier to tone burst of varying duration

In addition, one might want to check the measurement system for its respunse towards single-cycle
tone bursts,. again by comparing the input signal to the final signal output after recording and
processing. Within a careful study |6l it was demonstrated that a single low-frequency ( e.g.
80 Ma) tens burst consisting of one sine-wave becomes highly distorted when recorded on s direct-
record tape-recorder (ses also Section 3.2.3 above). No such precaution is necessary when the
Pii-mode is used or if ooly spectra and oversll levels are required. rather than the exact wave-
'“o N -
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3.2.3 Data Analysis :

ittt

It is good practice to decide already in the preparatory phase of a test on the particular analysis
instrumentation to be used. Several aspects must be considered: If a Chaptler 8 or a Chapter 10 test
is to be conducted, the "end-product" is the maximum overall A-weighted sound-pressure level
(acquired with the instrument detector time constant 'slow'). This value can be readily obtained by
means of an appropriate precision sound level meter (PSLM). Since these instruments are portable
and usually provide a digital read-out, the most important values can be read on-line in the field.
For a more extensive data analysis using the taped information in the laboratory, such a precision
sound level meter can also be used there and no further equipment is required.

PSR

The IEC-Publication 651 deals specifically with "Sound Level Meters" and their electro-acoustic
characteristics, IEC-Publication 179 with "Precision Sound Level Meters. ANNEX 16, in specifying
sensing, recording and reproducing equipment refers to these IEC Publications.

Although not presently required in any of the ANNEX 16 noise certification procedures, one of the
- - ICAO-CAEP member-countries certificates ultralight-aeroplanes in terms of & time-duration corrected
' A-weighted sound level, the Sound Exposure Level, SEL (or l‘p. AE)' The SEL is defined as the con-
stant level which - if maintained for a period of 1 second - would have the same acoustic energy
as the (transient) A-weighted measured one-time noise event, i.s,

t2
" 1 Loagit) 710
(SEL #) L, = 10log 'ﬂ'/ 0 "

Y

Actually, in this particular noise measure the time duration during which the sound was within
10 dB of its maximum value is accounted for. It is argued that slow aircraft with a correspond-
ingly long "exposure time duration" would cause more annoyance, than fast ones.

An SEL-measurement can in principle be conducted over any time span (e.g. over a number of fly-
overs), although in aircraft noise certification only the single event is taken into account.
SEL-values can again be readily obtained (on-line and in the field) by means of (portable)
integrating precision sound level meters.

If howsvar a Chapter 3, Chapter 5 or Chapter B noise certification test is to be conducted, where

the “"end-produci" is the EPNL, then data must be recorded for later processing and no on-line

EPNL readout is poulble. While the transient flyove- event with respect to & Chspter 6 or Chap-
i ter. 10 procedurc only calls for one (maximum) sound level, the computation of an EPNL requires the
adquisition of completé 1/S-octave band spectra every 1/2 second during a time period where the
signal is within and below 10 dB of the maximum tone-corrected perceived noise level, i.e. over a
1 time pﬁrlod that may extend over at least 18 to 30 seconds. An appropriate analyser must therefore
/ be capable of storing and pr ing continuously and in real time the transient f{lyover event over
a sufficiently long time period. Hence a real time analyser is necessary; of course, only the
recording in the analyser's memory must occur in real time, while the analysis as such can be
performed after the signal has been recorded.

There are two kinds of (rapid) real time analysers producing a complete spectrum in parallel bands
and displaying it on a continuously updated screen: the digital frequency analyser produces 1/3-
octave band (or 1/1-octave band) spectra i.e. spectra with constant relative (logarithmic) band-

widths, while the FFT narrow band spectrum analyser produces narrow-band spectra with conatant
absolute band-widths.

B
§

As stated above, for purposes of a Chapter 3, 5, and 8 noise certification, a succession of 1/3-
octave bands is required, and hence the spectral resolution of 1/3-octaves of the digital frequency
analyser suffices. If however a more sophisticated and perhaps rather more complex ressarch type
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flight-noise measurement program is undertaken, where certain discrete frequency sources - though

of transient nature - must be identified, then FFT real-time narrow band analysis would be indi--

“u.

The characteristica of some of the above data analysis instruments will to briefly described in the
following:

(a) Precision Sound Level Meters

The typical precision Sound Level Meter (auch as the B&K type 2235) used in the field as the
indicator instrument for flyover noise events has a large stepwise adjustable dynamic range; this
range may extend from 24 dB to 130 dB. Also, several detector time constants (sometimes referred to
as ‘time-weighting'), specifically ‘slow', ‘fast' and 'impulse’, can be selected. The instrument has
a built-in frequency weighting networt (A-weighting) and is capable of resolving levels to within
0.1 dB (a resolution necessary for aircraft noise certification). A digital display and a maximum
hold provision allows a direct readout of the maximum flyover noise level. Some SLMs can be used
with both unpolarized and pre-polarized microphones, since they are equipped with an internal
polarization voltage source. Usually, the microphone-cartridge/preamplifier~assembly can be removed
from the SLM, thus allowing uss of an extension cable, if the microphone station is soms distance
away. The output from the instrument can be fed into a tape-recorder. Several types of B&K SLMs
are shown in Fig. 3.16.

Fig. 3.18 Several types of Sound Level Meters (B&K)

{b) Integrating Precision Sound Level Meter

If & 'Sound Exposure Level' (SEL) is desired in measuring the flyover noiss (at present not requir-
ed in ANNEX 16, as stated before) then a precision Integrating Sound Level Meter (ISLM) would be
needed. An instrument such as the B&K ISLM type 2330 has the same featursa as the SLM deacribed
under (a) above, but has asdditional internal time integration capabilities, which allow the
measurement and display of the unweighted or A-weighted Sound Exposure Level.
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(o) Messuring Amplifier

While Both the SLM and ISLM can be used in the field for real time data acquisition, they can aleo i
be used in the leboratory to analyss taped data for L, .., oF 8EL. In the laboratory there are §
i

wsually weasuring amplifiers available (such as the BAK typo 3810 Fig, 3.17). Such amplifier alee
hat a butltein A-weighting and ‘slow' and ‘fast' time constants. Use of such an instrument may, i
however, be an ‘“overkill”, since It is really a very asophisticated laboratory instrument with
measurement capabilities well in excess of what is necessary for aircraft noise atudies.

Fig. 3.17 Mesauring unplmc_g;m type N

(d) Digital Filtering Real Time Frequency Analyser (1/3-oqtave Band Analysis)

A suitable laboratory-type instrument for transiept nggv-r uolse data reduction is the digital
filtering real-time analyser (RTA), such as the MK type U M’. This particular analyser
' features 42
1/8-octave
band channels
from 1.8 Hs to
20 kHz allow-
ing both li-
near and ex-
p 1ential
averaging
and an inter-
nal A-weight-
ing network.
Such A-weight-
ing would be
of special
interest only
in a Chapter-
6 or a Chap-
ter-10 type
massurement.

P TP

) Pegc 3,18 Peal time analyser (BAK typs 3133)




For the EPNL-computation the "noy-weighting” of the successive 1/3-octave specira is required, ss
outlined in Appendix A to this AGARDograph. Since averaging-times (both linear and exponential)
may be freely selected between 1/32 second and 138 ssconds {(in binary steps), a flyover may be
ocheorved on the display-screen in resl tima (in the field er from the tape in the laboratory) at,

. 1/l-sscond time intervals to cbtein a fesl for the speed with which the spectra change. The
digitally stored 1/3-octave specira at 1/3-second time intervals tan also be transferred to a
osmputer f(or SPNL-calculations.

A typical flyover can produce as many as ¥ to 80 individual 1/3-octave spectra. A whole test with
at loast ¢ leet flights and several microphones will thus require the storage and processing of
saveral hundred individual 1/3-octave band spectra. As an intermediate step the data can be stored
on a digital casette recorder, one camsette of which could sasily hold more than 1000 such spectra.

(o) FEY Narrow Band Basl Time fgecirym Asslysers (Nerpow-band Anslyeis)

Real-time narrow-band analysis is often used in flyover noise studiss to observe rapidly changing
discrete frequency componsats in the noise spectrum while the event occurs. Again linear or expo-
nential nmm can be smployed to obtain (or display on the acresn) the instantaneous spec-

trum over short or long time-spans
within the flyover event. An appro-
priate instrument for thia purpose
would be the B&X type 2033 ‘Fast
Fourier Trans{orm Nurrow-band Real
Time Spectrum Analyser (Fig. 3.19)
which provides a resolution of 400
lines in different frequency-ranges
(from 0 to 10 Hs, up to 0 to
20,000 Hz). In this case the band-
width corresponds to the ratio of
the upper frequency limit and the
resolution (e.g. for a frequency
range of O to 1800 Hz the constant
absolute analysis band-width would
be ¢ Hs). Such an insirumeni is not
required for noise certification but

Fig. 3.19 FFT narrowband real time spectrum analyser is often used in basic asrcacoustic
(B&K type 3033) studies.
N rrr trum Naveform Anal

In wmost certification testa (and. noise research in genmeral) real-time analyais is not required. For
off-line datas reduction an 'FFT-Spectrum and Waveform Analyser' is then a very versatile instru-
wment. Appropriate analysers are the NICOLET model 4448, the SOLARTRON 1200 Signal Processor, the
IWATSU Electric Co. SM-3100 Signal Analyser, or the HP-3S8IA (Fig. 3.20). These instruments are
ideal for the analysis of steady-atate (stationary) sound events as they occur in noise testing of
asrcplonee on the ground, in nolse studies with wing-mounted microphones in flight or in aero-
acoustic wind-tunnel studies. Thase aralysers can alea be used 1o anslyse transient noise in the
time domain, where they can reproduce the wave-form of the noise over predetermined time incre-
wonts (from a fow miljisecnds. for » wide. frequency Taags to several minutes in a very narrow fre-
quency range). Wavelerms mey be held and subsequently spectrally anaiysed in 1/-octave (or 1/1-
mu)hﬂcwlnnmﬁﬁn%auﬂ%“uﬂm“nmmmy
range.

These instruments often come in dual-channel versions, allowing the simultaneous display of two
events on the scresa. A typical instrument might have a {requency range from 0 to 20.000 Hs, while
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Fig 3.20 Waveform Analyser (Hewlett Packard Model 3562A)

another one might cover a range up to 100.000 Hz, with resolutions of typically 400 lines starting
at a rangc from 0 to 1 dz up > 0 to 130.000 Hz, with steps in between. Thus an optimum range for
the purpose at hand can be selectad.

{g) Plotters

To obtain & hard copy of spectra or wave forms, as analysed and displayed by means of the above
discussed analysers, XY-pletters can be used which provide annotated graphic plots of frequency
spectra and/or time functions. Such plotters generate one plot of given x- and y-extent, such as
individual spec’ra within a predetermined frequency rangt ov a waveform within a predetermined
time span. There are many makes of XY-plotters available, which differ in handling convenience,
plotting speed und resolution. Dlotters, such as the B&K type 2308 (Fig. 3.21) and type 2319, or
the HP-7650A avre high quality laboratory type instruments.
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To graphically monitor flyover time histories, such as the time-dependence of the A-weighted noiss
level of an overflying aircraft, continucusly operating graphic level recorder are more useful than
XY-plotters, They produce continuous time histories on.a.paper ,M\munlly tu&uu cxchnnn—
able dynamic range’potentivmeters. (10 dB to 78 dB) and 4
though thess gFaphic level recorders can also be “utilisg
special ;fraiuency analysers this is rarely done as va mnn nu
handle.

md-v mm~ umnnhnt to

s.2.6 !ngvm‘ . m

Selection of the apptepriate ‘data acquisition oquipmnt depends en *he tant - to iu eonduetod and is
largely domlnul by the number and location of the ltmhunu‘ with, respect to the’ eontul mea-~
suring station. ‘As outlined earlier, the simplest noise oortmcntion tasts (from the view point of
equipment and data analyeis) sre thoss required in ICAO ANNEX 18/Chapter 6 and Chapter 10, i.a.
those relating to light propeller-driven asroplanes. In both zases only one micropotione is needed,
and - in principle (though probably never in actuality} - a. aimple viaual reading from a precision
sound level meter, set at A-weighting and detector speed "slow" would suffice.

A basic setup for a Chapter 3 (heavy propeller aeroplane and subsonic jet aircraft) or a Chapter 8
(helicopter) certification test would require between 3 and 8 microphones. In this case either a
number of autonomous measurement stations (with one tape-recorder each) or a central multi-channel
tape-recorder would be used. The system is calibrated by means of a pink-noise generator in addi-
tion to pistonphone calibration. Signals are then fed via individual preamplifiers to a multi-
channel signal conditioner (amplification and filtering), followed by a multi-channel tape-recorder
which is connected to a multi-channel after-recording monitor. The signal conditioner is conveni-
ently connected to a gain-setting printer (where the individual gains of all amplifiers are printed
out, since it is impractical to write these down by hand during the test).

One track on each tape-recorder must be used to record a time code, obtained from a master time-
code generator. This helps to synchronize the flyover-noise time histories with the signals from the
tracking system (such as a camera shutter impulse).

All such equipment would normally be installed in a control van or container, where it can be
checked and calibrated prior to the actual test. It is cumbersome if the ejuipment is pretested in
the laboratory, then dismantled and put together again at the test site, requiring a new calibra-
tion and check. In sophisticated noise certification test programs a well equipped cortrol van or
mobile measurement container should be used, since all the logistics for the non-acoustic equipment
relating to tracking lnd atmospheric data acquisition must also be provided. (See Section 3.3
below).

3.3 Other Teat Bqgui nt
3.3.1 Alreraft Tracking Instrumentation

In the process of noiss certification testing, the test-aircraft must be accurately tracked. Precise
information on thw trajactery in terms of flight path and flight speed is neceasary for carrecting
measursd noise data towards reference conditions. Three parameters, in particular, are aftected by
devuﬂonl ot tho lemll m.ht tujoetory from reference:

spherical uthmnuon (attenuation for goomotric distance following the 1/r’-law),
atmospheric attenuation (humidity and temperature dlpdndont “sound .bnomton. ex-
pressed in terms. of level-decrease per unit of distance), and

o sound exposure time ("'10-dB-down time").

]
§
H
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) Continuously tracking an aircraft is not neceasary for a Chapter-8 or a Chapter-10 noise cortifica-
‘ . k tion test. Here only the height above the microphone is-of interest. In that case, determination of
one point in the trmjectory - preferably directly overhsad the measuring microphone - sufficea. But
even y!orztho relatively simple ‘Chapter-8 test procedures -it. would still be more desirable to ascer-
tain that -the aircraft follows a  level-flight path, not unintentionally climbing or descending. Deter-
mination of at lsast 3 points of the trajectory, e.g. one ar two seconds before and after the micro-
phone was overflown would be useful to obtain an indication of the actual flight path.

- ——

For all other noise certification procedurss, where both centerline . and sideline- acoustic data must
be measured and - more importantly still - where the noise level must be established in terms of
{ an EPNL (i.e. Chapters 3, §, and 8) tracking should he continuous - or at least a large number of
i positions in the trajectory must be mcnunt?.
1

Trajectory measurements are usually made with ground based equipment. Sometimes onboard systems
(such ms inertial platforms or aircraft mounted cameras) are better suited for the purpose. As far
as ground based equipment is concerned some test ranges uear airports have, sometimes extensive,
permanently installed equipment.'Molt trajectory measursments are however made with mobile equip-
ment since noiss .certification measurements are often executed at or near rather ill-equipped

landing strips. Employment of mobile and ground based equipment generally requires good advance
planning, especially, if time synchronization with onboard equipment and with several ground acou-
stic daia stations is {o be maintained.

{ Depending on the particular flight-test procedure and on the degree of accuracy required, one may
i select one of the following tracking methods:

Optical Tracking/Ground bassd Systems:
o single camera

o several cameras

- kinetheodolite

. o laser

Optical Tracking/On-board Systems:
o forward/side-looking camera

. Radio/Radar Tracking:

o radar

o microwave airplane positioning system (MAPS)
o radio altimeter

o Nini Ranger

An excellent survey on flight tracking methods is provided in |7, 8|.

The advantages and disadvantages of these various height-measuring and flight trajectory tracking
methods will be discussed in the following.

) (a) Optical Tracking / Ground-bhased Systems

¢ Single camera

1
|
i Aircraft height and lateral deviation from the vertical can be determined with only one camera. The ;
optical axis of the camera must then be very accurately adjusted in the vertical. This is achieved 5
by means of an inclinometer, laid directly on the camera-lens rim or by some appropriate bubble- i
level. Preferably the camera should be equipped with a Polaroid back-plate to allow immediate |
picture development in the field within a time span of about one minute. i




o

l-lumn of :the w«a focal length of the. camsra lens depends-on. the (latersl) dimenatone: of
the: Mﬂu--mdm of .the -aircraft.to be..used for distance .datermination (e.g. aervplane
wing-spay or holicopter skids); on the-typical height range and the preferred image sise within the
ussbile fisld of tha phnuu frame. 1t .would -not ha-senaible: te let ‘the' wing-spant fill eatirely . the
latesal gxtant of:the- fnm (aven: though that would provide for the:. most accurate dimension-read-
w But-rither only between L0% -and-30% at most. This would allow for some latersl trajectory - de-
viations and would also psrmit the 'approaching aircraft to appear in the viewfinder in time for the
operator to react and push the button. For a 38 mm slide camera, for example, certain focal
hn.&hc of l-nm md t0 the rmwu. approximate fields of view:

mmlum-.mu-vm mnsaseqm-.

The exposure time should
be as short as feasable
within the prevailing light

- conditions, since an air-
craft overhead may fly an
appreciable distance during
the exposure time. An air-
craft moving along its
level trajectory at a speed
of e.g. 75 m/s would fly
0.76 m during an exposure
-time of 1/100 s. That may
be tolerable, since the
blurring would occur in
the longitudinal dimension,
while the lateral dimen-
sions used for the reading
would not be much affect-
ed.

The camera with its lens
in place can be calibrated
in situ by photographing
objects on the ground at
appropriate distances. If
that is not possible, the
height H of the aircraft
above the camera-lens can
be calculated by means of
Fig. 3.22 Example of flight height and lateral deviation photo- the following equation:
flu:h c chack pertaining to 'valid" and "invalid" test
H = f (8/8'),

where f is the lens focal length, S is the lateral dimension of the structural component selected for
the purpose and 8' is the dimension of the particular component as it appears on the film-negative.

A typical result for a propeller aeroplane in flyover (obtained in a Chapter-6 noise certification
tests) . is. shown in Fig, 3.23 . Two cases sre illustrated: one, where the aircraft was well within
the reference flight-path and height, and another one, where it was too low and off to the side.
The achisvable accuracy by mesns of this method is not very high, but generally sufficient for
noiss certification purpnses, where an error of several meters in 300 m would lead to only a frac-
tional deciBel-error. :

i b
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Sever. STas

If a leve! flyover iusy be awceriained, at least two ground-stationary cemerss should be used. Two
cameras would also allow to determine the ground speed (provided the aircraft was not accelerating
or decelerating, in which case' thres cameras positioned directly under the flight-trajectory would
be a wminimum requirement). The camera exposure click should be monitored on the same tape-
recorder where the acoustic flyover event is recorded. Calibration of a possible time-delay between
the shutter-operation and the actusl taking of the picture may be necessary. In some cameras there
is an appreciable delay between “pressing the buw;pn“‘lnd "taking the ploture", in the order of
perhaps 1/4 second. Within that time span, the al&n!\ may have already flown several tens of
maters. When determining a ground speed, both '.h‘ lateral and the longltudlnul deviation of the
sircraft at the time the picture was taken (and the ﬂwm elick recorded) must be accounted for.
The principle of determining height and ground -pcd is {llustrated in Fig. s.g

In cases where more accu-
rate tr_uﬁcktng is required,
the n\gnbor of camerus
i should be increased (up to
W"ﬁ"m‘ offt-set "Fﬁ‘ : e.§. 8). However, each

—_r camera station must be
manned and if a number of
\ autonomous acoustic mea-
| Ex _ | surement stations are also
| posure Click K1 Expo'suro Click K2 required, the test crew
: ‘ Measiring Dstonce becomes substantial. In
! such cases it is preferable
to employ more sophisti-
cated tracking equipment,
as discussed below.

Frame 1 Frame 2

off-set in
flight direction
camera

o

Inatead of accurately ad-
justing the cameras for
‘verticality on 8 tripod,
rona may employ a "photo
overhead poaitioping system

e
w""m

' - (POP-system)". Such s sys-
camera 1 R m 2 ;
. e e " tem was utilized in a
Fig. 3.23  Principle :t mh:{.huum‘?nﬂ?dlnd. dc:::uon and recent  helicopter  nolse
ovarground & tepmi e, -
iy of-i....md onmeras nation by # of 2 verticel measurement cumpaign by

. the US-FAA [9l. Each

of the several systems mtiu d wo wires, psrallel w0 the ground and in a vertical plane ortho-
gonal to the flight path Q £..3:34). The photographer, lying beneath the POP initislly positions
the (hand-held!) camera té euuuh ﬂth the vertical plane of the two guide-wires. He then tracks
the  approsching aircraft to trip the lhutnr at-_the instant when the sircraft crosses the super-
imposed wires. In this mleum test & dldo-m- waw used; by. proinenﬁt the slides on a acreen,
a relatively high degree of scéidvacy in t,h- wdar of ﬁ wai nchlmd (oonddorln‘ the very simple
and osrtainly slegant W).

Kine ites

l(lntthndollul (on sturdy support structures!) provide photographic pictures of the flight vehicle
in upid suocession. The aivcraft is visually followed through a high quality finder-scope. Asimuth
nd elevation o( tho optical axis of the theodolite - camera/telescope appears directly on the frame
each tm a ptctun is taken. Each film frame shows the dupllmnt of the target from the optical

Vul.. A ptcmn msy be automatically obtained at intervals ‘of one or two ssconds. The achievable




' Fig. 3.24  Photo overhead positioniing ("POP") aystem

accuracy across the line of sight of a typical Kinetheodolite (such as the ASKANIA Kinetheodolite 61
E, l‘lg. 3.28) for a typled aeroplane flyby at 500 m distance would be in the order of 0.3 meters.
Such an accuracy is more than sufficient for the purpose. Along the line of sight, however, the
sccuracy is mhmntly mare limited, npoa'-lly, if the aeroplane is followed at some low slant

nn;lo. whou the re tlv. hm size varie gnpidly

I TTS.

Fig. 3.35 ASCANIA Kinetheodolite 61 &

It is better therefore
to employ two kine-
theodolites, one on

" each side of the
_flight path (some 500
: to 1000 m away from
- the track). Then the
" orossing of the two

lines-of-sight allowa
very accurate track-
ing, within approxi-

' mately 1 m absolute.
'ﬂ|. 3.2¢ shows the
‘ ,goomotrlu involved
‘in’ a  two-kinetheo-

dolite trajectory
measurement. It is
clear that the kine-
theodolite tracking
data must be exactly
synchronized with the
acoustic events, i.e.
both ~ kinetheodolite

e b e ot b ARSI
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%  time-codes must be record.-
- -od -on the aceustic data
ape. a

Fig. 3.26  Measurement geometry in flight tracking by means of 2 ) dimenaiosial” 7(!.}:9‘." " they
Kinetheodolites (from Ref. 7, . lhd\hln m : .‘ cal
plasel. e

During a genuine take-off or landing approach flight M, for Mn% sirora lel the
runway center line and only height information in a vertical plane ihtough thn'eonmlim is of
interest, assuming that the aircraft is always directly above the center line track. A single kine-
theodolite, positioned near the middle of, and sufficiently far away from, the trajectory to be mea-
sured, would then kesp the test aircraft in sight, without even moving the optical axis in the ver-
tical, provided the range of elevation was small. There are special kinetheodolites that allow only
a "left/right"-motion. For such systems the post-test processing effort naturally will be much less
than if, say, two kinetheodolites with free mavements about two axes were used.

Kinstheodolite-msasurements are still considered to be the most reliable means for close range track-
ing of aircraft. Experienced operators are required, however, to follow the aircraft visually. Data

processing is very laboricus and time consuming, since all films have to be developed and manual-
ly measured frame by frame. Kine-
theodolites are very useful for
measuring trajectories where speed
and acceleration of the aircraft
must be determined. For noise mea-
surements, where these are less
important, single-picture cameras
often suffice.

" R .. vy
S TR - .

Laser Tracking Equipment

Optical rays in the infrared are

- ' % used in laser-tracking equipment.

Here, short duration bursts of la-
ser snergy from a laser transmitter
(Fig. 3.27) are pointed towards the
target which must be equipped with
a retro-reflectar (cat-eye-principle,
Fig.3.38) to send the signal back
towards a receiving telescope,
whose output is directed to a 4
quadrant photo-detector. When the
g e R .telescope axis is pointed precisely
; e . at the target, all quadranis recsi-
ve an equal portion of the target-

pet

ey
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mm Ak the -detector; outputs are equal. An optical automatic gain control maintains con-
stant m m signsl levele, at the detactor and ln; dovuuon- are automatically adjusted in

To initiate tracking, the aircraft is first

vh\u!ly followed by a -television camera

-tuehod to the hur trangmitter; once the

< daser lunlu on W’ -target's - retvo~reflector,
- tracking ‘becomes autématic. Elévation and
asimuth are determingd directly from woni-
torin. in two axes the position of the tele-
scopes, while range is determined from the
time-interval between transmitied and re-
ceived optical pulee. Data must again be
processed by a computer system, to provide
the time-varying ccordinates in tabulated or
graphical form.

Lasers have only recently besn introduced
for saircraft tracking. Although the system
is technically rather involved, it is very
convenient to operate by one single engi-

. neer. It also provides on-line data pro-
cessing, a tremendous advanjago versus the KXTH or the photographic camera-approach. It works for
heights very close to the ground (within a few meters), in contrast to the radar-tracking system
(see paragraph c below), where the conical radiation beam- of the radar precludes wmeasurements
much below several tens of meters from the ground. Safety considerations must be observed, how-
ever, since some laser beams are hasardous to the eye, including the eye of the pilot towards
whose airéraft the laser beam is directed!

Fig. 3.!! Mro-uﬂcctor nuchod to under-
side ol aireratt

The Societe Anonyme de Telecommunication has recently developed an Infrared Trajectography
System, named the "MINILIR"-System. This system is capable of real time automatic tracking of a
moving target fitted with an infrared source {10j.

(b) Optical Tracking / On-board Systems
Forward/downward looking Camera

Forward and downward looking camera systems installed la tho M are csp;blo of achieving
extremely high accurscies depending on the test conditions, Aeﬂﬂm’ surveyed ground targets are
required, however. Of thess, 3 or 4 must be visible in sach m- frame beforc the camera position
(and thus the aircraft position) can be opmputed. Sophisticetid cllthlmhn reading and corrective
techniques are necessary, however, to obtain socurate data.. Weather and ambient :lighting often
hinder testing. Data pracessing and analysis are slow and nhinc m- is cestly, particularly if
data ‘turns out to be’ unntllhctory.

For a “Chapter-3" approsch nolse certification test the Fokker Company has suadesshilly employed
an ‘'Automated Landing flight Path muurlnf ayms ‘themad ‘%MND" Here, po.maa ‘and v.lodlty
data during automated approach/landing \ﬁlk lh\dud This subsystem has besn pﬁqmly
used ‘to’ check the performance of the Folkisr: WM _autemated landing system .. The fuxetion
as such is ‘performed by a combination of: phetegremmetry and inertial sensing: A nose-meunted
cdinet's takes approximately 8 pictures per second of the runway (lights) during the last phase of
the approach and landing. The output of the flight 'inartial navigation aystem' (INS), of a radio
altimete? and of & pm altimeter encoder are recorded in the digital instrumentstion recorder
1134




- Afwr o, fght, the film s developed and of cach landing approximately § pictures are used %o
L sUtaMIIsh the exact lecation snd attitude of the sircraft. Thess data iegether with altiwude infer
wation frem the radio altimeter_and the pressure-altitude: snceder is ueed to update the flight INS.
It tarmed owt that. the flight path coordinates wers established with an scouracy of 10 m ot 3 ka
boletn the reavay. thopsheld, reducing-to 0.8 @ in x- and 0.3 m in y- .and s-ceerdinaten -during

te) Badic aad Tracking Rader
Badar Trscking using Trampeodery ‘ ;

W radare. vauslly provide mmt less uouucy than kinetheodolites, but their aper-
atign. and data proosssing is fully automated. A trensmitting/receiving antenna as used by DLR 13|
is_ghewn in Fig. 3.30. The alectromagnetic pulae emitied by the radar’ transmivar is. pellacted
dizgotly from the aircraft back to the receiving antenna. Somatimes s special: transponder on the
test-aircraft is used to reflect the appropriately awplified signal (probably at a differeat but
known frequency) back to the ground station. The primary radar systems in an FAA test used a 8.1
gigaerta-gignal. Systema are available up to 30 ghs (2 1 om wavelength). In operation the aystem
measures the time between pules emission and reflecisd signal return with aa accuracy in the order
of ssveral nano-ssconds; this translates into a slant distance unosrtainty of approximately 1 m. It
ahould be undersiscd that the re-irsnmmitted frequancy towards the ground station will have
undergone & Doppler-shift on account of the motion of the cbjsct to be followed.
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1a prectice, once the epermior has directed the antenna system and the Tange sitvo system ineide
the “iarget sequisition windew”, the radar can switch inth an autemated tracking wode. 1t then
doVirniings  the mkion: of the targed-aivoraft in terms of 'range,  slevation and ‘asimuth. Data wre
oshverted o' Cartestun oterdinatia by means of & cmpuier ‘systew 'tn order 0 yisld the required
position-inloritation in form of tabulated or plotted -data. Only one trackisg Fadar is necessary,
sinoe 1t measures all 3 coordinates of a target simultanecusly, a distinet advantage vs the use of
a KM,

Misrgvave Airplane Positioning Sysiom (MAPS)

The Boeing Commercial Airplane Company recently introduced their "Microwave Airplane Poaitioning
Systom (MAPS)" for nolee certification testing of 787 and T6? subsonic jet seroplanes |13, 14]. The
aystesr (Fig, 5.30) messures range and range rate from several ground transponders to an airplane
and’ computes the airplane pesition using & KALMAN filter algorithm (essentially a “least square
orTor™s slgurithm}. The wirpliné pesition relative to a fixed earth coordinate system is available
for m. and for uelplt display several times per sécond.

In the hun. appruch a number of microwave transmitter/receiver (T/R) units are located at sur-
veyed osordinates in a respectively optimum ground pattern. Airborne equipment includes an “inter-
rogator”, a digital processor, dats storage unita, pilot guidance indicators and a quick-look engi-
neering station. In operution the airborne system interrogates each ground T/H-unit in serial
fashion and computes slant range and range rate from the response. The computer performs position
calculations in real time. Data are used to drive panel instruments which allow the pilot to follow
& specific flight profile.

i : ,,ﬂm ngsmm.nu&unm(m)
used duﬂn. m nouo mu (uo Ref. 11). The Il Mx Il u a pulsed radar distance
moasuring system, opersting at a frequency of 8.5 GHs. The MR Mk III console (situated in the
alrcraft) interrogates’ 4 groundbased transpenders. They are placed at locations with known ooor-
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dinates. To envisage the wevements of the' aireraft (pltch and roll) two transponders are located
longitudinal and the other two lateral on oppoaite sides of the runway. The flight path lles within
& quadrangle: deftaed by the tranepeders. For calculating e position of thi slreFilt one lirersily
and one longitudinally located transponder is used. ‘In this Wiy the position srror ia made as
small as possible.

The alrcraft speed and- height are determined by messuring airoraft statie pressurs, impact
pressurs and total air temperature. The onboard processor controls system-timing, performs data
atyeigition ‘and Talitration, celéulution, data oconversion and data ‘output. Calibrationt data s put
intu- the  proshssers nen-volatile memory before &' measurewient sesslon. A special ARING' transmitter
drives the lesalissr- and glide-slops-bars through e dummy NAV recsiver, using signals generated
by the OBP. Thus the pilot is provided with guidance information which snables him to fly a
predefined flight path.

Comparison with the more traditional KTH procedure shows these two systems' accuracies as better
than 3 weters, provided they operate within their design envelopes. This: preciudes wessurement of
aircraft altitudes less than aspproximately 80 m, sssentially eliminating take off and landing
spproach measurements. Ia that case ciner weans of altitude determination are necessary such as
radio altimeters or pressure altimeters which havs their own limitations.

(d) Yracking Rystem Considerations

For purposes of noise certification {in contrast to airworthiness type certification testing) tracking
requirements tall for an accuracy of not much mors than 1%, since errors of that magnitude would
atill only result in fractional deciBel-errers. Hence, the inherent measuring accuracy of (albeit well
maintained and operated) kinetheodolites, laser or radar tracking squipment in the order of 0.1 to
0.3 m at measuring distances is about one order of magnitude too good, leaving some comfortable
margin towards less than ideal operation,

If. test cost and availability of sophisticated tracking equipment at the test site is of concern, one
or seversl vertically orientated cameras will sufiice for most noise certification tests. However the
cost of in-the-fisld cperation and set-up {one man per camera) and of the subsequent laborious
data-processing must be -weighed agairst the other aspects of using more sophisticated and
automated tracking methods, such as kinetheodolites, lasers or radar. Laser tracking is probably
the wost acourate and versatile tracking method presently available; unfortunately, 1% is also quite
expansive.

3.3.2 Melsorclogical Instrumentation

Precise information on the prevailing atmospheric conditions at and naar the test site, at and nesr
the test-sircraft, and in the air space between the test-aircraft and the measurement station (i.e.
along the sound-propagation path from the source to the receiver) is important for correcting mea-
sured acoustic data to reference conditions. The most important parameters are temperature and
humidity, and wind-speed and -direction; ambient pressure is usually of less importance.

As had been stated sarlier, amivient temperature at the test aircraft affects ail speed-related para-
maters because it changes the sound spéed; it follows that the same flight speed and rotational
speed “{of progellers and helicopter-rotors) corresponds to a diffeient local Mach-number. The combi-
nation: of temperaturé and humidity along the sound transmission path cffects the atmuspheric ab-
sorption {atteridation). Alwo, a temperature gradient ‘between ‘aircraft and microphone may bend a
soundsray; making source identification and path-length definition "difficult.

. RO RN . o -

Wiade sloft, dlong the sound transmission path and at the ground test-sits, affect the flight trajec-
tory of the 'test-aircraft, the propagstion-path of the radiated sound from the test-aircraft to the
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microphons, and. may generate encessive “wind-indussd™ netse st Whe miesephane.

scattaring of seund waves duriag prepagatien.

mma«muntwuum.mau_‘—-nm—b
m.m-muwmmmmcmm

MMM.mAlidﬂc_,mmmw.c-l.-
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spheric eoffects .from the test-data. m.mdmmmm-—-—
and monitored during the test.

() Ground-based Equipment
Tost-aite, Metsorological Station

nnm-mto(hnpcntmmdhmdttyw&-hum'ﬂlmhn_
2 m or 10 m (depending on the particular ANNEX Chapier) abeve the gronnd. sowass « & eptnhly
support-structure. There are numerous commercially avatiable npereture/relottve-umedity ssmpery.,
such as the VAISALA HMP14 probs, which employs a thin-file capeaitive emesr for solpiyee humning
and a linear thermistor-resistor for temperature messurement. Another wasfo! wstrusems » By
LAMBRECHT type 819 psychrometer. These ssnsors have & (reslly ast asemssary) Som NPy Sime
of fractions of seconds. They measure temperature typieally v ha +/<0.3 C, end substye pmtdiity
within +/- 3%. Ambient air-pressurs can be measured by ene of meny evummswtally svailuble abee-
luupmuutndiam"tnmdum.wel\uhmmw.. Wen ase-
suring such relatively slowly changing parameters one resding or data-plat every § o ¥ :auiey
suffices.

Msasuring devices for local wind-speed and -directien (such as the LAMBRRCHT i1ype 1988 G) typi-
cally comprise a 3-cup anemometer for wind spead ia combinmation with & wimd-vame, whish (8 -
tached t0 a potentiometer to indicate wind-direction. The anemometer only messures the harigeaiai
wind component (3 parallel to ground). Its output is separated inte a head- or il-wiag conpeasmt
and a cross-wind component, both of which are specified in the appropriate ANNEX-Chaptar/Appon-
dix. Wind information must be measured with a fast-response detector o “catch™ shert duration
gusts, but the "Y0-second"-averages are also required for the corrections. A typical snemometer
would determine wind speed with an accuracy of 2% (or about +/- 0.1 knot in a 10-knot wind) and
wind direction to within approximately +/- 2 degrees.

Sodar

Although Sodar has been developed for wind-sheer detection around airports, it can be used to de-
tarwine atmospheric and wind infarmation between the ground station and the test aircraft in the
context of noise cartification. Using such a system is wuch more complex than using a simple
ground bassd anemometer, since computer-processing is necessary to provide the three-dimensional
wind information along the line of measurement. A Sodar is capable of measuring wind speed and
direction by emitting acoustical pulses into the atmoaphare and measuring the intensity of the
returning pulse echos. Changes in wind speed and direction wil’ cauge wmeasurable changes in in-
tengity and shifts in frequemcy due to the cocurrence of & Doppler-shift. With a thres-antenna-
system fSpdar, wind spesd in three dimensions (and thermal atmospheric structures) at various alti-
m,um-m-mnumuumum.mm.mm@;n which these values
are measured is deterwmined by the elapesd time of the returaing echo after emission of the iaitial
pulse. Thus layered lnhtmuogu at, say, every 20 m in altitude towards, and even above and
bayend, the test-alreraft can be obtained. The soccuracy of the NEMTEICH Deppler-Sodar, for
oxample, s specified to be within 0.3 a/s for wind speed snd within 3 degress for wind direction.
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In most cases Sodar-information will not be directly used to correct accustic data for wind-effects.
Sodar is oftén used to establish whether excsseive wind or substantial macrssospic turbulencs exists
Betwesn the test aircrift and the measurement stavion that would not be apparent from the ground-
data.

Alrport Tower

The requited metecrological infermation can often be ebtained from a nearby airport tower, if the
tont-aite 1s cloes to an airpmt (which "clossness™ in iteslf entatls however seme rather severs
disadvantages!). An airport tower continuously monitors mucroscopic atmospheric conditions in the
osures of its normal operation and will usually have information available on wind speed, wind-

direction and tempersture near the ground and at altitude. It is often better, though, to obtain
weaturements at the test site.

) Aiftaess Besipment
Suading Paliese

Veather balluens can Le used to determine changing wind directions above a test site. They must
e (3-dimensienslly!) trasked by weans of an extra KTH, while the accuracy of the information -
o8 for o8 wind ts comteragd - is sitll rether limited, quite apart from the excessive cost of operat-
tng balloms far purpeess of asise certification aimespheric sounding. Such a free-rising metecro-
lagten! ballesn (alse called pileted hplloen or "pibal") would initially have a diameter of about
0 em; #t vonld than rize to an altitude of 3800 v 7000 m, where it would burst at a diameter of

spprenimpiely 99 om.

A pi* . duuid W reloased ppreninetely swee por test heur and be tracked to a height greater
than the nanlnun cupssttsl height of the tent airerefR within the next hour.

Tethered Radio-sonde

A tethered radio-
sonde can provide
information on tem-
perature, air-pres-
sure and humidity,
as well as on wind-
speed and direction
(Fig. 3.31). Tempe-
ratures are sensed
by a thermistor. A
thermistor is a de-
vice that changes
electrical resistance
in proportion to the
afr temperature; the
variation of resis-
tance is however not
linear and individu-
al calibration is re-
quired. For wind, a

R cup-anemomater and

Fig. 3.31  Laynching NM dia sonde for meteorolagical soundi » combination of a
e : . radio for me

(used by NASA Langley at Wallops Flight Ccnt:a sounding magnetic compass

and a potentiometer
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tor wind divection 1o used. If the air is turbulent, the ballcon may oecillate laterslly and thus
produce spparent fluctuations in the measured average wind speed. Also, the axis of the
wmuulmmwmnu.mmsmmmuuww
periedically halting the balloon during ascent and descent.

Data from the radicecnde should be transmitted continuously by s UHF-transmitter to a receiver in
the ground station. Data should alse be plotted on a printer showing time of day, static air prec-
sere (or the difference betwesn the presaure at ground and aloft, which is a measure of the height
abeve greund level). Ory and wet bulb temperature and spesd and direction of the horisontal com-
pement of the wind sheuld be printed out.

The tethersd radic-sonde should be let up and hauled down, if feasible, at least once par hour. An
ascent rate of 30 to 80 m/minute should be achisvable. The tether-line should be about 1000 m
long. Because latting up and hauling down the tethered radio-sonde is noiseless and far away from
any flight path flown by the test aircraft, it should be possible to operate the radio-sonde while
the aircralt is being tested. The variation of pressure with height is determined as the difference
between pressure at the surface and the pressure aloft.

Meteorelogical Airplane

Another common and cost-sffective way to obtain vertical stmospheric information is the use of an
atmospheric probing alrcraft (Fig. 3.32). The aircraft should fly along ascending and descending
paths parallel to the microphone arrays. Alterna‘ively, a curved (“cork screw type") path arocund
the center microphone can be flown. Meteorological data should be sampled every 30 m in height.
The aeroplane should climb to an altitude that exceeds the top altitude of the test plane by at
least 100 m. Typically, the aircraft would conduct a probing flight twice per hour. The rate of
descent or climb should be low enough to accommodate the response time of the instrument for the
gradients in temperature and humidity. The total time to complete an ascent/descent manosuvre
should not exceed 10 to 15 minutes. To avoid interference, the metecrological flights should not be-
gin until the test aircraft has departed from the test area. The test aircraft may hold somewhere
while the metsorological data are sampled.

The height as calculated from an aircraft static pressure measurement will be accurate to within
+/-3 to +/-5 m for heights greater than approximately 30 m. Balow that, ground effects are known
to degrade the accuracy of a pitot-static system. In that case a radio altimeter is recommended.

Fig. 3.32 Schematic of monitoring atmoapheric parameters above test site
by means of a probing aircraft
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3.3.3 Tise Synchronisation Equipment

In order to correct for deviations of the actual flight path from a reference flight path (specifical-
ly for atmospheric attsnuation) the exact distance of the aircraft at the time, when the signal for
‘maximum tone-corrected Perceived Noise Level' (PNLTM) was emitted, must be known. In l\ddluon,
the flight-operational and engine parameters at that same "instant" in time should be available.

Therefore, time-synchronization between acoustic and flight-trajectory recordings is very important.
Every optical flight-tracking station (camera or kinetheodolite) must transmit (preferably by radio-
signal) a aynchronization pulse each time a photograph is taken. In the case of a kinetheodolite
(KTH) such radio-signals would be related to the shutter trip. A typical frequency value for a
helicopter flyover KTH-sequence is, for example, 0.5 Hz. These synchronization pulses are recorded
on the cue-track of the data-tape-recorder. At the master station receipt of each synchronization
pulse could then be used to obtain a print-out of the exact synchronization instant (with better
than a 1 millisecond resoluticn).

While this procedure synchronizes flight-path and emitted sound signature, the aircraft-operstional
parameters, such as rotor or propeller RPM, indicated air speed, torque, or any other pertinent
engine-parameter must also be recorded. As an illustration, a procedure that was employed by a
British team |15| for helicopter test flights will be briefly deacribed. In this case, the cock-pit
instrument panel was continuously photographed at a rate of one photo per second using a 16 mm
movie-film-camera. Film casettes, containing several thousands of frames were used, which allowed
casette-changes in day-light. Each test flyover was identified by a number written on a note-pad
attached to the cockpit-panel (Fig. 3.33). Synchronization of the noise recordings (on the ground)
with (a) a ground based tracking camera and (b) the movie-camera on board was achieved as
follows: each time a ground camera was operated, it fired a 27 MHz radio-signal. The signal was
received through the helicopter's on-board 27-MHz-receiver, which - by means of a special camera
control unit - caused high-intensity LEDs to light up. These LEDs were mounted in an analog clock
on the cockpit and visible to th: movie-camera. In the case described synchionization to within 1

second was achievod, where the 'l-second' is a consequence of the selected movie-camera photo-
graph-sequence.

Such a comparatively long
"uncertainty-time" is no
problem, since operational
parameters of the aircraft
do not change appreciably
within one second. This
rather lax tolerance must
not be confused with the
much more stringent
requirements for flight
tracking, whera the
position must be known to
within a fraction of a
second, since the aircraft
may fly several tens of
meters during such a time-
span. This approach
involved however visual
inspection of each test-run
movie to identify the
instants, when a ground
camera was operated.

Fig. 3.33 Camera recerded cackpit instrumentation panel
st time-instant wlen ground based camera trigger
pulse was relesisdd
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Altermatively, time synchronization between continuously operating tracking devices and the read-
ings of on-board parameters can be achieved by means of filming the display of a digital clock on
the instrument-panel. In that case the clock iteelf must have been calibrated to a very accurate
ground-lecated master clock, monitored in turn on the data-tape by mesns of a time-cods recording.

If recorders onboard are used then a start/stop detector (88D) - us used by the Fokker Company -
is helpful. Its main function is to start and stop the recorders in the aircraft simultaneously with
ground based recorders and to advance the 1D-code of the time code generator. The commands from
the central ground based station are received in the aircraft by a VHF-FM receiver and detected by
the 88D. The receiver is part of the 88D. The 83D also pravides a start and stop criterion for the
flight path measuring system.

3.3.4 On-board Aircraft Instrumentation

While ANNEX 16 specifies that certain aircraft flight parameters must be determined by aircraft-in-
dependent means, such as flight height and ground speed, and - if necessary - aircraft side-slip
direction (in the presence of strong cross winds), certain other parameters must be measured on-
board, notably indicated airapeed, aircraft attitude, onflow direction and speed ("wind vector"),
outside temperature and ambient pressure. To determine the helical blade tip Mach number of &
propeller or the advancing biade tip Mach number of a helicopter rotor, the blade-tip or rotor-tip
rotational speed, the true flight speed, and the true ambient (static) temperature must be precisely
known,

All engine related operational parameters are recorded on-board the aircraft. Relative humidity may
alac be determined by on-board means. By comparing outside air temperature and relative humidity
aloft with those obtained near the ground one may obtain an indication of the general temperature/
humidity pattern between the aircraft and the ground measurement station.

(a) Propeller or Rotor Rotational Speed

Usually, there is a propeller or rotor tachometer on the instrument panel, calibrated in terms of
revolutions per minute (RPM). These kinds of instruments are not accurate enough to provide the
rotational speed to within the necessary +/-0.1%; such an accuracy is required to ultimately obtain
the blade tip Mach number to within the third decimal. Especially if the temperature or Mach num-
ber correction factor is to be determined by meana of varying the rotational speed (see Section
2.8.7) the rotational speed must be measured by a more accurate procedure.

One such method is to employ "resonant reed tachometers" (Fll. 3.34); these are attached to a sui-
table point on the aircraft-structure and resonate in response to the vibratory environment in the
aircraft. This resonance is directly related to any, howsver slight, rotational imbalance of the

. " TR b rotating system. One can then, in
& straight-forward manner, read
the propeller rotational speed from
the beam-resonance frequency.

This type of instrument might still
not be accurate enough. Light-
beam emitting devices directsd to-
wards the propeller blade which
carries a small reflecting pad are
also used. Electronical counting of
the reflected pulses provides a
direct indicetion of the propeller
rotational speed.

Fig. 3.34 Resonant Reed Tachometer (FRAHM)
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A third possibility is to monitor the acoustic signature inside the cockpit. The rotation of the pro-
peller or the rotor expresses itsslf through an acoustic line-spectrum consiating of a blade-rotation
fundamental &nd & number of harmonics. Selecting any particularly strong harmonic within this
line-spectrum will yield the rotational speed with a very high degree of accuracy.

In a helicopter, the main and the tail rotor are mechanically coupled with a known gear ratio;
any particular and suitably strong tonal component in the cabin interior narrow-band acoustic
spectrum may then be taken to derive rotational speeds. Since the frame of reference is the air-
craft, no speed-related Doppler frequency shift occurs. Further information on engine-rotational
speed measurement may be found in |16}.

(b) Air Speed and "Wind Vector"

The flight speed of the aircraft is normally obtained on the basis of a Pitot-static read-out on the
cockpit instrument panel. Speed is initially available in terms of the "indicated airspeed (IAS)".
The value of the IAS, however, #till contains instrument errors and errors resulting from the in-
stallation of the sensor close to aircraft structural componenta; the latter cnes are termed "position
errors®. The actual amocunt of these errors iz available from the aircrafi-specific flight manual. 1AS
is also affected, among other things, by aircraft weight and the particular configurstion as flown,
notably by the wing-flap angles. These effects may quantitatively be determined from information in
the flight manual. Accounting for thess errors will now provide the "calibrated airspeed (CAS)".
The CAS must further be converted into the "true airspeed (TAS)" by considering deviations from
18A sea-level atmospheric conditions of ambient pressure (flight height dependent) and temperature
utilising appropriate tables. Since flight Mach-numbers in noise certification procedures never
really exceed & value of approximately 0.35 any compressibility effects on the pitot/static-reading
can be neglected.

Most modern aircraft are equipped with an on-board air-data-computer which provides TAS directly
from IAS-information.

Both aircraft attitude and wind vector are of interest in the context of noise certification. Since
aircraft-specific noise generators, most notably propellers and rotors, exhibit a pronounced direc-
tivity, it can be important to know their flight-attitude with respect to a geodetic  coordinate
system. Furthermore, the noise genera-
tion process as such of propellers and
rotors is also affected by the air on-
flow direction and velocity (i.e. by
the "wind vector"). Aircraft attitude
can be determined by an on-board
gyro o~ inertial navigation system.
The wind vector can be derived f{rom
information on aircraft angle-of-attack
("alpha"), aircraft angle-of-side-slip
{("beta") and TAS. In the practice of
noise certification one can assume that
a flight condition invelving a relative
side slip dosa not really occur. There-
fore, the wind vector can be readily
derived from speed and angle-of-attack
information only. More directly, true
sirspeed and wind vector, respective-

Fig. 3.38 Dorniu;—dwﬂopod "Flight Log":
an airborne true flight spead and
aircraft angle-of-attack/side-slip ly, can be determined with the
indicator (DORNIER-developed) "Flight-Log"

(Fig. 3.35). It uses a light and fast-




IR T RPN

e T

7

responding rotating "windmill-wheel" which is attached to a cardanically supported "wind-vane".
The rotational speed of the "windmill-wheel" and the vane-direction are elecironicelly monitored to
provide a direct and very accurate measure of flight speed and wind onflow direction. Understan-
dibly, this instrument must be placed at the tip of a aufficiently long nose boom on the aircraft
and outside of any aircraft-related flow-disturbances.

(c) Ambient Temperature and Relative Humidity

Outside air-tc-perature can be measured by a number of commercially available thermometers such
as those manufactured by the Rosemount Company. Modern sensors for measuring outside sir tempe-
rature in the aircraft are always total-temperature probes. They typically use a tube-shaped hous-
ing (Fig. 3.38) mounted parallel to the free-flowing air outside of the boundary layer of the fuse-
lage. Internally there is some sort of a temperature- senaitive resistance element. On account of

FLOW == RIGHT ANSLE PRODUCES
DIRECTION PARTICLE SEPARATION
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Fig. 3.36 Internal structure and
housing for airborne
temperature or humidity
sensor {Rossmount)

internal air-flow deflection ahead of this element the air is turned by 90° (in the case shown)
before it passes through the measuring element. Thus water and dust particles leave the probe
without affecting the element itself. The air which enters through the tube orifice is nearly totally
decslerated and adiabatically compressed.
The element thus essentially measures sta-
tic temperature. At the typical ({light
speeds in noiss certification the tempera-
" ture rise on account of compression can
" be asafely neglected, Such ‘“resistance
| thermometer" have a typical measurement
range from -200 °C to +300 °C, more ‘than
B sufficient, of course, for noise certifi-
. cation purposes; this type cof thermometer
is also very accurate and widely used.
An excellent survey on tumperature mea-
suring devices for use on aircraft may be
found in |17]|. Outside relative humidity
cay be determined with instruments uti-
lizing the humidity-dependent capacity
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change of a dielectric condenser. MmMM‘hhrmlouu'ﬂ\niup"nmtn—
zwnymmmmny.amdmmmmmm 3.57. An ole-
-mdmulundeuuumumuﬂ:ummm.as-mdm«mu
then represent an airborne humidisy m nit. Detalls ‘on humidity weasuring techniques frow
atamespheric prebing aircraft can be found in 8. . :

3.4 a-See Sastion gt Sr-up

3.0.1 Crijerip ior Bte-Selaction

Selecting an appropriate test site is probably one of the most crucial decisions that must be made
by the sngineer responsible for planning a noise certification test program. A number of important
criteria must be checked: If actual take-offs and landings are required near the acoustic measure-
ment stations, then the test site must be closs to an airport. 1f, however, that airport is very
busy, it will be next to impoasible to run 8 smooth test program. Under normal circumstances the
airport traffic has preference above the test flights. Hence, commercial airports are not suitable for
certification noise testing.

Busy air traffic near the test site not only constitutes a flight hazard but also produces disturbing
noise which might invalidate the test results. DLR frequently uses the Braunachweig airport (EDVE)
for noise certification testing, a small municipal type airport with no commercial traffic. Only GA-
type aeroplanes use this airport. Even ro, it is difficult to find "quiet" periods to conduct a test
flight (which itself may take no longer than a few minutes of active data taking).

A smaller - preferably abandoned - airport or landing strip has distinct advantages. The runway
provides a visual cue to the test pilot for finding and passing overhead the ceniral acoustic mea-
surement station, provided the flight trajectory is parallel to, and to the side of a runway., In
this case an experienced pilot can readily fly alongside unless the cross-wind component is too
strong.

If the mirport was not in activc use, air-traffic related noise should be minimal, a decisive ad-
vantage. An abandoned airstrip, however, would not normally have an air-traffic control tower,
which could provide local weather information. Since meteorclogical data should be obtained by the
test crew anyway, this is probably not a severe handicap.

Although a concrete runway is necessary for jet-aeroplanes or heavy propeller-aeroplanes to take
off and land, the actual measurement site should be away from a concrete surface. ANNEX 16 calls
for an extended area with short cut grass, above which the microphones should be positioned at a
height of approximately 1.2 m and where no nearby reflecting surfaces (e.g. buildings, trees)
would interfere. Hence, though the general orientation of the teat-flight trajectory would be close
(i.e. parallel) to the runway, the test s:te itaself would be off to the side and in a suitable grass-
covered area.

1t is somewhat ironic that ANNEX-16/Chapter-10 now requires an artificial round hard surface very :
close to a grass-aurface below the inverted microphone (see Fig. 2.22). It would seem more -
straight-forward to take advantage of an existing hard concrete surface close to the beginning or
to the end of a runway, or of a nearby taxiway. In such cases the microphones could be positioned
directly on the surface or could even be inserted in a hole into the concrete (Fig. 3.38) to provide
ideal non-reflecting conditions. Thermal turbulence direcily above a concrete surface might however
occur during periods of intense sun-shine. Associated problems could be reduced by applying a
layer of white paint around a sufficiently large area surrounding the microphone.




!f the presence of emergen-
cy landing facility or run-
way visua! orientation for
the pilot is of less con-
cern, testing can be con-
ducted away from runways.
In certification testing
there occure hardly ever
an actual take-off or land-
ing. Rather, reference
flight trajectories are
intercepted and subsequent-
ly followed for noise test-
ing. In these cases (mub-
sonic jet, heavy propeiler
aeroplane and helicopter
noise certification testing)
concrete runway surface it might be better to use a
remote test site somewhere
“out in the country" and away from any airport-related air-traffic. Finding a suitable site in a
densely populated area, as in Central Europe, may however be difficult.

Fig. 3.38 l-inch-diameter d micioph embedded in

The availability of electricity close to the test site is usually a minor concern. Most of the equip-
ment can work from batteries. If exceassive amounts of electricity would be required (say several
hundred Watts), as for driving 'visual approach slope indicators' or a number of tape-recorders
and analysers, a amall power generator may be necessary.

The elevation of the tesit site above mean sea level affects the acoustic power produced by the air-
craft engines. The influence of reduced atmospheric pressure is negligible at elevations from zero
to 300 m, light effects must be expected up to 1000 m, and above that elevation increasingly larger
adjustments to the measured sound pressure level are required, if the reference elevation iz sea
level,

3.4.2 Test Set-up

(a) Surveying

In order to accurately position the microphones and the tracking equipment with respect to the
flight trajectory, the prospective test site must be accurately surveyed. The procedures will be
illustrated for a representative test site at some airfield (Fig. 8.39) in the United Kingdom, where
DLR, WHL and CAA jointly conducted a helicopter noise test |19). This particular test went beyond
the scope of a Chapter-8 noise certification.

This particular test aerodrome has 3 run-ways, 03/21, 12/30, and 07/25. Here 0° (5 00) corresponds
to North, 90 (2 09) to East, 180° (& 18) to South, and 270° (& 27) to West. This airfield thus pro-
vided 3 options for a measurement set-up. All three options were surveyed prior to the test. Thus a
quick re-arrangement of the instrumentation set-up was possible, should the prevailing long-term
{like one day) wind-direction change from within, say, 15° to both sides of a runway to 15° of
another runway. In the particular helicopter noise test, 3 microphones had t> be positioned ortho-
gonally to the flight track. There was one center microphone, and one each 150 m to the left and
the right side of the center microphone. The test involved all three procedures (take-off, horizontal
flyover, and landing approach) and all flight trajectories had to be measared very accurately.
This was done - in this case - by means of 3 cameras positioned along ths flight track: two
cameras before, two behind of the center microphon- and one camera close to the center microphone.
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The basic test set-up (as skelch-
od in Fig. 3.40) consisted of the
3 lateral microphonea and the §
cameras. Their locations had to
ba predete:mined at appropriate
positions besides each of the 3
run-ways that were to serve as
pilot cues. In addition, there
were two other markings: the ro-
tation point for the take-off teast
and the location for the preci-
sion approach path indicator
("PAPI"). All these points (3
microphones, 35 cameras, rotation
point, and PAPI! locations) had
to have fixed positions with re-
spect to each other. Peripheral
equipment, such as the control-
van and the weather station in

particular, were positioned at a

: Fig. 3.39  Airfieid in the UK with 3 runways used as convenient location "eut of the
y flight noise wweasurement test site

way".

Following the edge of the runway chosen as a datum line, microphone and camera locations were
carefully marked, using a surveyera tape. Small inaccuracies (in the order of one or two meters)
ir* the microphone-positioning can be tolerated. Any inaccuracy {in the positioning of the cameras
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would however have rather udverse consequences, as their relative distances directly enter inte the
ground-speed. To accurately align the array of cawerss (and to some extent alse the array of
microphones) a surveyortype theodolite is indtspensable. This theodelite can alse be used to deter-
mine any undulation in the test site surface. A hardly noticeable height variation of one or two
weters in the area of the cameras would influence the effective aircraft flight height adove ground.
The microphones were positioned away from any reflecting eurfaces (including the centrol van).
Generally, there should ke a distance of at least 10 m between the concrete runway edge and the
clossst microphone, since the change in ground impedance from concrete to grass affects the sound
signature under grazing incidence conditions. Alse, velative positioning accuracies in the horitontal
plane, between microphonss about 150 m apart, should be better than +/- 1 m.

Once the primary, as well as the alternate, locations of the center micrephone station and of the
lateral microphone stations were established, the flight track and the significant points on the
track, such as the rotation point, were marked. For this purpose a number of fairly large, promi-
nently coloursd (orange) blankets were used along the track, every 100 m, or mo, platinly visible to
the pilot for orientation.

Of course, similar considerations apply to other than Chapter-8 type test. For example, in noise
certification testing of heavy propeller aeroplanss or subsonic jet-aeroplanes (Chapter ), the
lateral microphons array must be 450 m to the side, with at least one, preferably several, check
microphone(s) on the other side of the track, again at 450 m distance. Their positions would have
to be accurately surveyed. Likewise, the position relative to the flight track of XTH-, radar-, or
laser-equipment, if of the mobile type, ~r of ground-based transponders for the MAPS set-up,wuuld
have to be accurately determined.

Such surveys and location markings should be done well ir advance of the actual testing. All sur-
veysd points will have to be marked clearly by stakes, for example. In the event of a quick test-
site change, all geographic positioning information will then be readily available.

The general location of the control van, the weather atation, the electric power station (if neces-
sary) also have to be determined in advance. Optimum layout of cables from microphones to the
center rocording station and other electric cabling should be planned for all of the potential sites.
If not clready short encugh, the grass at the test site, where the microphones are positioned must

be cut (by means of a lawn-mower or, environmentally much more acceptable, by means of several
sheep) shortly before the test.

(b) Equipment Set-up

Setting up Acoustic Instrumentation / Central A tic Control Van

All required microphones (i.e. microphone cartridge, dehumidifier, preamplifier) must be set up at
the predetermined locations on their microphone stands at a height of 1.2 m above the grass sur-
face (Fig. 3.418). Since grass is not a well defined surface, deviations from the nominal 1.2 m are
unavoidable. As had been stated before, thia fact is particularly bad for propeller-aircraft tests
and tu a lesser extent for helicopter tests. For Chapter-10 type tests the microphones are invertedly
positioned on the hard-solid round plate (Fig. 3.41b). Hence the position is much less critical and
acoustically better defined.* For research purposes - to be distinguished from certification type
measurements - one would certainly prefer the ground-proximity arrangement, or alternatively the
microphone(s) to be positioned about 10 m above the ground ss shown in Fig. 3.4lc.

* It should be mentioned thayv ICAQ encourages noise certification testing to be conducted with
both wmicrophone arrangements (1.2 m and "0" m above ground) to establish a broad data base
:‘:r lléh o.v:::tuallo decision on using one or the other microphons position for other ANNEX-Chapters
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Fig. 3.41a Microphone with wind ball on 1.2 meter high stand
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The (pressure-respende \ype) microphones en their &\ \nds should be erientated for a grasing ined-
mm.mmmumu-ﬂmmﬂmmum
mmnwwu.m.m.mmmumm
(3 m 0 10 m long ook} 1o their power-oupplics (il wom-prepelarised ocwndunser-micrephenss are
vﬂ)lﬂmwuudhhuummt*vm“uu.

The pover supplies themwslves should have a pretective heusing, e previde seme shielding agsinst
mummu--mhmmmmuuuumum
wm.plmmhrm).m.mmuuuu (up to 800 = long, ususlly of the
m-whmﬂuuthmhmmmNmmmnnllummnmlmﬂ-
ueaing instrumentation.

Depending en the micrephons seasitivity, the typs of aircraft and its expected clesest mppreach to
m-m.mmmmmlvdupmnmmnm might range from 100 uV to
1 V; this 80 dB range must be adjusted prier to recerding, such that the maxzimum voltage (acooun-
ting for orest factors and the impulsivity of the expested signal, see Sectien 3.3.3) ia closs to the
preferred valve. Such adjustment can be aschisved by using a precision sound level meter (PSLM),
veing a low-nclse, wide-band signal conditioner with low distortien.

Maximizing the electric signal-to-noise ratio requires continuity of the slsctrical shielding from the
preamplifier all the way to the input of the PSLM. As radio signals can be picked up, the shield
should be grounded at the tape-recorder ond of the signal cable by an insulated wire, 80 that con-
tact with the metal structure of the control van (which housss the tape-recorder and the PSLMs) is
avoided.

Tach microphone/power-supply data channel is connected to ita own PSLM, which in turn is connoct-
ed to the multi-track tape-recorder input. As stated sbove, FELMs and the tape-recorder should be
located inside the central control vam or container for operation by the acoustic test snginser.
T-connectors are used to connact peripheral instrumentation, such as one or several graphic level
recorders (to monitor flyover A-weighted pressure-level time histories). Oscilloscopes, preferably one
for sach channel are very ussful for monitoring each microphone output, as sach microphons receiv-
o its own transient signal, not necessarily identical to those of other microphones (especially of
side line microphones).

Precision sound level meters and research-type tape recorders are equipped with overload indicators
to allow sdjustment of levels on the signal conditioning instrument. If an A-weighted signal is to
be recorded directly, then the input-attenuator will be adjusted for maximum wide-band, unweighted
signal strength, and twe output-attenuator for maximum wide-band weighted signal strength. This s
not normally dons, unless a Chapter-$ or Chaptler-10 type measurement is carried out, or il dynam.:
range compression is imporiant. In sll other cases, and especially when an SPRL-value must be
determined, the unweighted wide-band signal is recorded.

At each acoustic measurement station 2 pistonphone, preferably one that is capable of genarating
several discrete-frequency tones (e.g. 30 Mz, 500 Ma, 1000 Ha), shculd be available. In addition it
is advisable to employ a pink-noies gemerator to oheck the entire frequency response in the field.
If distances betwesn individual sosustic measurement stations are not too large, “hand-carrying” a
calibeator (discrete, or wide-band. to the various stations eliminates whatever alight differences
wight exist betwesn individual calibration equipment.

It relatively fow miorcphone stations (e.g. 3i are used each data channel can be equipped with its
own PELM. If many wicrophones sre used (o-g..wm)\luuucludtvidulrﬂ.lomldh:
Wm»mw.ﬂmdtmmmwwum would be & better
appreach.
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If many chennels are (0 be recerded and monitored, it is mpractical to write down all gain-
ssttings for each channel manually, especially \f gain stitings have to be changed frequently for
successive flights at different heights. In that came, a gain-setting printer should be connected to
the signal conditioner.

In addition, a head-set monitor should be connected \o the PSLM output or to an appropriate output
connector on the tape recorder. This ta hdlpful for the test engineer to acoustically wonitor in-
coming aignals "by ear", since - if indide the control van - he would not normally have visual or
acoustic contact with the approaching teat aircraft. Aleo, the volice-microphohe for annotetion on the
cue-track of the taps recorder would have to be activated with a switch to allow the alternate re-
cording of a voice annotation and the time-code-generator aignal on that sume track.

If only one multi-track tape recorder is umed, synchronization betwsen the acoustic measurement
station(s) is no problem. If, nowever. several autonomous scocustic wmeasurement stations are used,
wach station conatitutes an entity in iteelf that must be set up individually. Typically, the PSLM,
the {3- or 4-track) tape-recorder. and the graphic level recorder will be placed on some (ield-lab
table with a protective shading-umbrella some distance (10 m to 18 m} away from the microphone/
pawer-supply assembly to stisure the 75° or 80° non-reflecting cone around the microphone vertical.
The only difference then is that time synchronization between tape-recorders must be established, aa
will be discussed in the following sectiona.

Setting up Time Synchronization

Time aynchronization must be established betwsen the various acoustic measurement stations, the
aircraft tracking stations, the meteorological stations and the aircraft cockpit and - if applicable -
the air traffic control tower. Although Universal Time {(UTC) or Greenwich Mean Time (GMT) are
continucusly broadcasted by radio-stations in America and n Europe, these signals are influenced
by electromagnetic disturbances with ensuing variations in signal-to-noise ratio. There are. how-
ever, geostatiorary satellite systems from which signals from a ground station are relaved back to
ground. In the United States these are continually synchronized with the National Bureau of Stan-
dards time. The equivalent in Europe is synchronization with the time standard of the German
‘Physikalisch-Technische Bundesanstalt'.

This time signal can be encoded for recording on a tape-track using an appropriate format, such
as the IRIG (“Inter-Rarge Instrumentation Group") time code. The “IRIG Time Code B" is moat wide-
ly used for aircraft time aynchronization. It uses a 1000-Hz carrier frequency with a 1-second time
frame containing 100 tone-bursts to provide a resolution of ! ms. The radio receiver in the control-
van can pick up the asignal and convert it to an amplitude-modulated 1000-Hz-wave. The master
tape-recorder, the autonomous tepe-recorder stations and the tracking stationa must each have their
own ‘ime-code generator. A portable time-code generator - synchronized with the master time code
generator in the control van - can then he carried to sach measurement station for initial, and
also for aubsequent repeated synchronization among all the time-code generatora used. A time code
reader will be required for date processing later.

Establishing Radio-Communicatio:

The following radio-communication links with one, two or three specially licensed receive/transmit
VHF channel frequencies (in the 50 MHs to 300 MMz range) should be available for transmiasion

o from the control-van 1o the test aircraft and to the meteorologial aircraft and vice versa;
from the control-van to the acoustic, the tracking and the meteorological stations and vice
versa;

o for the ground personnel amongst themselves;

o from the control-van to the air-traffic control tower and vice versa.




The lollewing receive-enly linke would be required, in erder te monitor (en existing frequency
bande)

o ocommunication between test airerafll and tower;
¢ communication of alr traffic contrel;
¢ esmmunication of ground traffic control.

Hence, appropriats apecial radic-communication wquipment is to be set up in the control van, in the
test and weteorclogical aircraft and at the various outbound stations.

Setting yp Tracking Fquipment

Special requirements are to be observed in seiting up any mobile tracking equipment. Independently
of which aystem is used (e.g. kinatheodolite, laser, or tracking radar) its position with reapect to
the geo-statienary coordinate system must be carefully determived. Also, careful leveling and deter-
mination of systematic errore is paramount, since deviations of the order of fractions of a degree
will result in gross tracking errors. Such errors wight result (rom boresight axis collimation
srrors, range bias, and leveling misalignment. All these should eventually be taken into account in
the evaluation process.

If permanently installed systems are available, say near airports, the important coordinates are
already precisely known. !f mobile or portable systems are used, coordinate. can be freely select-
ed; to factlitate the trajectory data analysis in case of a take-off or landing flight procedure, it
would then be advantagecus to select the coordinate system (in which data are presented) to coin-
cide with the runway center tine, and a line vertical to the runway center line.

Nodern trajectory measurement aystems such as kinetheodolites and tracking radar are usually
equipped with time synchronization. If, for example, several kinetheodolites are used in a certifi-
cation test it is advantageous to aynchronize both by triggering them at regular intervala utilizing
the same time base. The trigger pulse could then also actuste a film-frame counterT in each kine-
theodslite, such that each frame number would now also be a measure of time.

Since precise time synchronization is of the utmost importance for tracking, the time-instances of
shutter-operation (if still-picturs cameras are used) must be relayed to the master tape recorder by
means of signal cables or by radio. Likewise, kinetheodolite time signals for each of the film-
frames must be transmitted. If continuous tracking by laser or radar equipment is used, the time-
code signal is recorded and plotted in real time with the flight-trajectory coordinates. Laser or
radar equipment will usually be several hundred meters away from the ground track and will
therefore not constituts a reflecting surface to be concerned about.

Sstting up Meteorological Equipment

For ease of handling, a 10 m high weather mast - usually consisting of several telescopic sections
to be cranked up towards full length - is often wounted on & trailer. Telescopic configurations pro-
vide good mechanical stabdility; othurwise stabilizing wirea will be necessary. The weather mast
should be positioned closs to the weasuring microphones (but not (0o close because of posaible
reflections) and Jome distence awasy (100 to 200 m) from the (heat-producing) control-van. The
wateorological measuring instrumenta should opsrate continuously from the start of the day, so that
any gross changes in atmoapheric conditions during the actual teating will be immediately
appavent.

Weather stations close to the ground are somewhat easier to handle. ANNEX 16 requires that for
Chapter-8 and Chapter-10 type measurements atmospheric information be gathered at 1.2 or 2 m
above ground.
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If meteorological data aloft are measured by a tethered radic sonde, its launch station should be
prepared in advance of the test. This atation should again be sufficiently far away from the cen-
tral acoustic messursment station to avoid noise contamination and reflections.

Setting up an Approach Guidance System .

Landing-approach noise tests wi\ere a specified descent angle must be maintained precisely require
axce‘!l'éﬁi jnund based guiding systems for the pilot. For helicopter approach noise tests, a fre-
quently used mothod involves the operation of twe "Precision Apbrouch Path Indicators (PAPI)". The
type 2/Mark 6§ ¢f the BARREL LIGHTING Co. Ltd. (Fig. 3.42) is a portable version of such a PAPI.
This particular instrument pro-
jects two beams of light towards
the approaching aircraft. The two
projection lenses are arranged in
the vertical; here the top light-
beam is white, the lower one red.
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For visual pilot guidance two
PAPIs are regquired, The two units
are arranged to the left and
right of the approach path cen-
teriine, equi-spaced several
meters (e.g. 5 m) to either side
of the approach-path/ground-
plane intersection. One unit |is
adjusted vertically, such that the
red/white boundary is at the
lower  limit of the desired

approach angle (usually 0.5° from

Fig. 3.42 Precision Approach Path Indicator "PAPI" the nominal, e.g. 6.0° - 0.5°),

(Barrel Lighting Co)
the other unit at the higher limit

(e.g. 6.0° + 0,5°)

The approaching pilot will then see one red light and one white light if he is within the glide-
slope limit; he will see two whites, if he is too high; he will see two reds, if he is to low.

N Following these guide-lights, the pilot can now readily adjust his descent-slope to within the limits
of the selected glide slope.

The two PAPIs must of course be aligned in the direction of the flight track. This alignment is not
very critical and may be done "by eye" using for example the center microphone position as a
reference. Aligning the units in the vertical plane must be done much more carefully. This is
achieved with a built-in inclinometer which is accurate to one or two minutes of arc. Also, the
PAPIs must be mounted on a rigid support. If this support structure is laid on soft ground, it may
sag in the course of time. A misalignement by 1 or 2 degrees will already produce significant
errors in the results. It is, therefore, advisable to check the alignment frequently.

Westland Helicopters Inc. {20] has shown that the actual approach angle can deviate by much more
than 0.5 degrees when such a PAPI is used, as illustrated in Fig. 3.43. Although the PAPIs are
aligned to ¢ +/- 0.5 degrees, the dotted lines show that the actual apuroach angle can actually
vary between 8 and 10 degrees even when the PAPI indicator otherwise works parfectly correct
throughout the aircraft approach.

This shows that a PAPI-system is really not capable of meeting the most stringent tolerances that
are required at present,
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Fig. 3.43 Possible flight path deviations of betwesn 8.0° amd 10.0° with double PAPI system
set at angle 9.0° +/-0.5°

The Control Van

The control van, housing the master control and communications center, will contain all acoustic
recording and in-the-field analysis equipment, the time-synchronisation equipment and the read-outs
for meteorological information. The test engineer is in radio contact with each autonomous acoustic
measurement station, with each tracking station, with the pilot and observer in the test aircraft
and, as the case may be, with the air traffic control tower. It may be neceasary to air-condition
the van, not so much for personnel comfort but for squipment temperature reliability.

3.5 Teat Execution

The details of the noise certification test will to some extent depend on the type of aircraft (fixed
wing propeller, fixed wing jet, or rotorcraft) and on the particular procedure (take-off, level fly-
over, approach). In general, however, noise certification tests have much in common, and the pro-
cedural aspects as discusaed below are essentially relevant to all types of aircraft noise testing.
As stated above, data to be taken fall into the four following categories

o acoustic,

o aircraft operational,
o aircraft tracking, and
o meteorological.

Prior to all testing, a well thought out and sufficiently detailed test plan and test matrix must be
established and distributed to all concerned. Also, a thorough pre-test briefing must be held, so
that everybody fully understands what is required and what are his or her specific taska. Specifi-
cally, the ground test crew (acoustic, meteorological, and tracking) and the test pilot and the
observer must be thoroughly informed.

3.5.1 Acoustic Data Acquisition
(a) Tape Selection
lnou.ﬁ high quality, low-noise tape to cover the entire expected tesi duration should be readily

available. The typical l4-channel tape-recarder requires l-inch tape, which comes in reels of 8,
10, 12, and 18 inch diameier. In a typical aircraft noise test the highest frequency of interest will
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be at least 10 kHs, more often 13.5 kHs; the tape speed should then be no less than 18 in/s. It is
desirable to employ long tapes to eliminate frequent changes during a test. Changes will not only
require recalibration but can also jeopardize comparability, as there are differences in the electro-
magnetic properties of tape of up to 1 dB. For each taps these must be determined through prior
calibration.

If several autonomous 3- to 4-track tape-recorders are used instead of one central multi-channel
tepe-recorder, thess would typically take 1/4-inch tape. Again, the tape-speed will be dictated by
the frequency range of intersst, although now the tape-length is much less, requiring more frequent
tape-changes. It is good practice to start all individual tape recorders simultanecusly with a new
reel, 30 that changing the reels can occur on all tape-recorders at the same time. The neceasary
calibrations can then occur simultaneously while the flight test is interrupted.

(b) In-the-field System Calibration

All electronic equipment, i.e. microphones, power supplies, precision sound level meters, tape-recor-
ders, graphic level recorders, monitoring oscilloscopes and analysers (if used in the field) should
be switched on at least 15 minutes or better still one hour prior to the start of testing to allow for
a sufficient staoilization-period.

The measurement chain in its entirety should then be calibrated by means of (preferably only one)
pistonphone for discrete freq y (si idal) response at - if possible - several frequencies. The
pistonphone is slipped over the (live) microphone cartridge after removing the wind-ball and held
there by (a steady) hand, while each calibration tone is recorded for a period of 15 to 30 seconds.
The gain settings should be written down and annotated on the voice track. It should be remember-
ed that the output of a pistonphone depends on the ambient pressure which must therefore also be
recorded.

An in-the-field pink-noise calibration for overall frequency response is also advisable, if only to
check whether the system response has stayed the same since the preparatory laboratory calibra-
tian. In that case the pink-noise generator will be connected to a dummy-microphone after removing
the microphone cartridge and a recording made on the data tape track.

In addition to recording the pistonphone signal, its level should also be monitored at instruments
within the measurement chain, noiably at the sound level meters and at the indicator instrument on
the tape recorder.

Such calibrations should be repeated at appropriate time intervals; in any case, however, at the
beginning and at the end of each data tape and, for long tapes, even in between.

(c) Ground-crew Briefing

On the basis of the test matrix, the test engineer will brief each of the ground crew members about
the sequence of events prior, during, and after each flyover ocoura. It should in particular be
made clear how the approaching aircraft will be announced, how gains must be set on the instru-
ments, how the test must be annotated on each of the tape-recorder voice tracks, what information
should be written down (preferably on prepared note-pads), when to switch the instruments on and
off, when and how calibrations should be conducted and what kind of immediate response is expect-
eod right after the flyover.

Similar briefing information must be given to the tracking personnel.
(d) Noige. Recording

Each noise test-requires a sufficiently detziled test matrix, available to all test purflelpantn.
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including the pilots. A test-number must be assigned to each test, to be mentioned on the voice
tracks of all tape<recorders prior to the event. .

As had besn discusst?t in previous sections, it is of great importance to ensure adequate gain
settings for all instruments, taking into account the characteristics of the expected signal.

Obviously, a sufficiently large margin below the overload condition is always necessary; however
for a predominantly broacband signal, such as for & jet-propelled aircraft, & small margin will
suffice while for a strongly impulsive sound type, such as from a helicopter under a blade slap
condition a larger safsty margin will be required.

Preferably, the optimum gain setting for each acoustic memsurement station should be determined
during prior test flights. Such preparatory flights are usually made anywsy, as the pilot will want
to practice the test procedure. If that is not possible, estimates of the expected sound level could
serve to initially adjust the gains. The levels to be expected can often be taken from tests on
similar aircraft. As a very coarse guide-line the following ficures can be used: a light propeller-
driven aeroplanu at 300 m height would produce beiween 70 and 80 dB(A), as will a helicopter at a
flight height of 150 m.

The corresponding levels for subsonic jet aircraft may range somewhere from 80 to 90 dB, for
flyover, sideline and approach (Note, that these are A-weighted levels, which are of interest in
sotting the gains in the field, rather than any EPNLs, which do not allow a gain setting in the
field!).

Immediately bafore the actual test flight, the test engineer should announce the upcoming test num-
ber, the direction from which the aircraft will approach the measurement stations (if a "to-and-fro"
type flight test takes place) and should check with each of the outside stations to make sure they
are ready for data recording; he should also check whether the pilot is ready, and alert, as the
case may be, the air-traffic control tower about the upcoming test flight. If everything is ready,
the test-pilot gives a warning just before the beginning of the test. The test engineer will then
alert all test stations (including the tracking stations) and issue the command to switch on all
recording instrumentation.

The recording should start well before the noiss from the approaching aircraft emerges from the
backgreund noise and should continue until the aircraft noise is well below the background noise,
as {llustrated in Fig. 3.44. This practice also provides an indication of the background noise,
which should be care-
fully monitored by the
test engineer. The
broadband (unweight-

0 dB down time |=—
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Fig. 3.4  Recording time sequence
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corcected Perceived Noise Level', PNLTM, are required for data-processing (see Appendix A to this
AGARDograph). If the difference between (the readily available) maximum A-weighted signal level
and A-weighted background noise becomes less than 15 dB during the test, then the test engineer
must decide whether to continue or to terminate testing. Prior to recording the flyover noise the
engineers st each of the autonomous aocoustic measuring-stations should annctate on their tape
recorders the upc aing test number, the time, the flight direction (e.g. East-West, or flight
direction 37, or approaching from such and such a land mark) and all gain ssttings on the sound
Javel meters (or whatever signal conditioning instrument is used). Redundancy of information is
certainly good practice! After the test aeroplane has overflown the measurement stations, each of
the outside test enginesrs must report to the control van that the aircraft flyover noise has
submerged into the background noise and wait for the command ta awitch off. The test engineer
then inquires at each outside station about the acceptability of the data and the occurrence of any
problems. He would further ask the test pilot on board, if engine and other flight operational
parameters have been within specifications. If tracking information is readily available, e.g. when
a polaroid picture or a real-time laser tracking are used, he can then proclaim the flight a "valid
one”, and - unless a sufficient number of valid flights have already been {lown - call for the next
test flight. The test aircraft would then either prepare (or an approach of the measurement satation
from the other direction (if it was a level flyover) or intercept whatever climbing or descending
flight path was specified in the test,

3.5.2 Flight-operational éoluld.r.um

(a) Pilot _ Briefing

The test pilot must know the required settings of engine parameters and the flight trajectory to be
followed. The following should be considered as a typical pilot briefing pertaining - in this case
~ to a Chapter-8 helicopter noise certification test. Here the pilot is informed about the details of
the take-off procedure, the level flyover procedure, and the landing approach procedure (for refe-
rence see Section 2.7). His (written) instructions will include the following information:

o Take-off procedure:

- approach the rotation point at an altitude of 20 m (66 ft);

- maintain a stable airspeed of V_ +/- 3 knots throughout the entire flight;

- maintain a stable rotor speed at maximum (top of green arc) normal operating RPM;

- begin climb-out with take-off power at the designated marker, maintaining the prescribed
stabilised airspesd and rotor-RPM;

- continue the stabilized climbout until informed by the test engineer that the test is over.

o Level Flyover:

- pass over the center-line microphone at a height of 500 ft;

stabilise airspeed at 90% V.

stabilizse rotor speed at maximum normal operating RPM (top of green arc);
maintain thess conditions from 500 m before to 500 m after flying over the center
measurement station.

o Landing Approach:

maintain a steady approach angle of 6°+/-0.5° as indicated by the PAPI-system;

stabilise airspeed at Vy;

stabilise rotor speed at maximum normal operating RPM (top of the green arc);

. = commance approach at 780 fi sbeve ground level and con.inue until reaching 100 ft above
ground level..
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(b) Co-Pilot/Observer Briefing

Unless the certification test involves a very amall, light propelier driven aeroplane such as a
powered glider there will usually be an observer to assist the test pilot. The observer will monitor
cockpit-instrumentation data. In the case of a helicopter there will be torque, rotor-RPM, indicated
airspesd, outside temperature, indicated rate-of-climb or descent and flight altitude (although on-
board altitude-information is not used for data evaluation, it should be recalled that ANNEX speci-
fies an aireraft independent flight-height determination). The observer will further monitor the
fuel-gauge to warn when the aircraft weight drops below a critical value.

All this information, identified by the test number and the time corresponding to the flyover-instant
above the central messurement station should be written on a note-pad. A typical page from such a
note pad of a helicopter noise test is reproduced in Fig. 3.45. It shows columns for run-number,
time, weight in terms of fuel! remaining, indicated airspeed, iotor RPM, torque (in terms of % of
the maximum), flight altitude, rate of climb or rate of descent, outside temperature, as well as a
column termed "Remarks". This latter column can be very valuable in the data evaluation process.
For example, observer remarks such as "cross wind too high", "lota of turbulence; speed build-up
slow", "bumpy over center mike", "badly stabilized, lots of control req'" etc. are quite helpful in
the later interpretation of data.
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Fig. 3.45 Typical "flight log" as generated by observer/co-pilot

lustead of writing down information, a camera is often used to take pictures of the cockpit instru-
mentation at predetermined time intervals or following specific commands from the test-engineer on
the ground. More conveniently, pictures can be obtained autom.tically either by means of a
cine-camera taking a picture every 1/2 or 1 second or by a video-camera. Time-information should
appear on the picture frames.

(c) Weight Watching

If, for whatever #6ison, winy more test flights are required than specified as minimum number (t
may be necssary either to refusl or to add ballast if the spocified flight mass falls below the
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allowable minimum mass (e.g 10% below waximum). In a Bedium-weight~helicopter teat, for example,
it can be netdesary te add ballast (such as lead-granulate bags) every hour of flight time and te
refusl: evary third stop to maintain the specified flight mass.

3.8.3 m!h__u_ Data Acquisition

Depending again on the technical sophistication of the test, ground-meteorological data from a 3-m
or & 10-m pole are either recorded automatically or are written down from visual readings. Since
& too high wind speed or cross-wind component will invalidate the test flight, such information
must be readily available to the flight test enginesr. Hence the 0-second average wind-speeds must
&% noted at the instant of fiight over the center measuring station. A typical note-pad page is re-
produced in Fig. 3.46, ‘showing columas for time, run-number, relative humidity, air-temperature,

' wind-speed, wind direc-

r‘:ﬂ_w o WIND me;ﬁ' tien, flight direction and
: et T
~ 3’ R. '. 1- .QL __!_Z'i ._._ &9.: ford air-pressure; thers
m‘, ‘8'“""-1 142 | 248 - a8 readings every 15 minutes
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Fig. 3.48  Typical note-pad page from metecrological ground the flight path for the
station pilot) can be, and nor-

- mally are, used in any
comprehensive and involved noise certification teats of, say, subsonic jet airerat or heavy
propeller-driven ssroplanes. A less sophisticated methed that provides almost instantansous infor-
mation is the polarcid-backed still-picture um: the camera-operator can ‘determine the height of
the aircraft by means of a magnifying-lense reticle reading. This can be achieved within one or
two minutes :(since develepment of the instant picture takes between 1/3 and 1 ®inute, depending on
e outside temperature). This is actually quite long, since a . ielicopiar or a light propeller-driven
asreplane can turn fer the next test-flight in leas than that iime span. 8till, the other systems,
such a8 kinetheodelites, vequire off-line Prossssiag. It is, therefere, a gead ides 10 have at least
e poleveid-camera, redundent to the other tracking-equipment, to previde’ nstantaweeus tracking

information, . ;.. -
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Trashing Provides - ameng other things - information en ground speed, ar impertant input to oon-
Pute the EPNL, The trwe alrspesd determined from em-beard instruments, on 'Ae other hand, is an
important parsmster to compute Mach-number and the advamcing, or helical blade tip Mach-numbers
for helicopter rotors and aircraft propellers.

3.0 Dus Ansiyels

This sociion describes the pest-tet analysis of the aceustic date, specifically the determination of
sither & 'maninus A-weighted flyewer nsise lovel', as required for the noiss-certification of lLight
propelisr-driven ssroplanes (ANNEX Chapters ¢ and 10), or an ‘Effective Percstved Meise level' for
helicopter, heavy prepeller-Ariven asroplane and aubsonic jet-aircraft (ANNEX Chapters 8 and 3)
noise certification. In the courss of this Section, it will he demenstreted how tracking and meteoro-
logical infermation is utilized to correct fight noiss Jata towards reference conditions.

3.48.1 Bata - Determination of the tion A~ Noise Lovel

.

The first acoustic information available after completion of a test series is probably the A-weighted
flyover noise-level time history as weasured in the fisld at each measurement atation. A typical
recording appears in Fig. 3.47.
In addition a plot of the typical
Twin Engine background noise - also weighted
m“’- 7 - should exist, such as shown in
2:082 PS, Fig. 3.43. These recordings are
469 kn/h - immediately inspected visualiy
for any evident non-test related
- disturbances, as might result
from wind gusts or extraneous
o103 - noise sources. Next, onc would
Time check if the flyover signals were
sufficiently above the ambient
noiss level. In the case of a
Chapter & or Chapter 10 noise
certification test, a 10 dB
signal-to-noise ratio will usually
suffice. The maximum levels that
occurred during the flyover must
k% then be corrected to establish
Time the final noise certification
level. These corrections are
Quite easy to perform for the
.l - Chapter$ test but somewhat more
T involved for the Chapter-10 test.

A-weighted Overfiight Meise Levet , Loas

Wh/h J Ratker than visually reading

thess maximum levels from a
ool [ e graph like Pig. 3.47, all the

Time “good" recordings are usually

¥ig. 3.47 Flyover A-weighted neies levil time histeries for replayed through s laberatery-
propalier-dri anss of different take-off based precisien ssund level

copalisr-driven sevopl s pt
nass and sagine powers . heigh
N - . ight y moter. The ms~'2um levels are




then read (rem a peak-hold digi-
tal instrument, or, if such an
nstrument i oot available, from
an analeg indicator instrument.
Thess measured maximum levels
and the associated aircraft ope-
rational and mstesrcicgical in-
formation for a wminimum of ¢
3 (Chapter 3) ot & (Chepter 10)
1 valid Qliyhts are thea used in
' an aessssment of the confidence-

Fig. 3.0  Time hisory of typical daytime ambient limits aa specified in the ANNEX
A-weighted noise level ("background nolse") 16.

, (a) Chapter 8 Test (Sse Section 3.5 of this AGARDograph)

Flyover "pA.-u,ulov"“"" sust be corrected for devistiens of the test helical blade tip Mach-
number from their reference values which are due to deviattens from the reference lemperature. No
height correction is Tequired If the test aircraft was within +10m/-30m of the reference height;
also, atmospheric absorption need not be accounted for, since the test must be conducted within the
temperature/relative humidity window shown in Fig. 3.16.

o e iy

The following example of a Chapter 8 Test is to illustrate the procedures. Lst us assume that the
test environment and aircraft operational characteristics were

Propeller diameter - 20m
Reference propeller RPM = 3700 min™!
Reference flight spesu = 300 km/h
Rafsrence temperature = 38 °C
Reference flight height o 30 m

From this, one computes & refersnce hslical blade tip Mach number of 0.832.
TAPLE 6 below lists (hypothetical) measured nolse levels, test-flight operational parameters, and
test snvironmental conditions. The operationsl and environmenial parameters deviate from referencs.

They are, however, all within the allowable test windows. Recall that the temperature window was 0
2 °C to 38 °C, and the height window was 270 m to 310 m. '

TABLE ¢ Example of Data-Sheet for a Chapter-8 Noise Certification Test (Togp = 38 °Cy Moy = 0.8332)

E Test L, Vg, RPH Ty Hy "y MMy 83 Loy corr
¢ Nor dB  km/n  Umin °C » d8  dB .
1 78.32 210 0 208 0.820  0.012 0.9 Ma -
2 8.4 198 680 98 37 0.817 0.018 1.3 188
3 7.9 208 mo 37 200 0.833  -0.001 0.0 TI.® K
4 ™3 200 Mo N 96 0.8  0.008 0.8 7.8 i %
¥ ma 5
L 1.6 X
o 1.38
- - oy ..

g 1884 oprecn - s




Tosta 1y 8, and ¢ show aignificant deviations of the helical blade tip Moch number, as is evident
frem the csluma Mg = Bp.  In all thees cases the test NMach number was lower than the reference
Mash sumber, thus making & Mach-number ocorrection mandatory. When the test Mach-number is
higher than the reference Mach number - as in Test 3 - , ANNEX 18/Chapter § does not prohibit a
correstion, sinoe Whis could saly raies (rather than lewer) the noise certification level.

If oo results frem neloe semsitivity flight tests are available, ANNEX 18 requires the addition of a
facter Delta § = 100 log I.IITx this factor is also listed in TABLE 6. The corrected levels in ths
right-mest eolumm sre arithmetically aversged, to produce a final average level ¥ « 78.1 dB(A)
with & standard deviatiea of 8, = 1.8 dB. For a sample of N = & data points and accordingly
Nel =3 dugress of .~oodem TABLE E-1 in Appendix E lists a Student-factor ‘6;0.10 of 13.38%,
corresponding o & 0 cenfidence limit of 1.35 dB. As this value is still less than the permitted
value of 1.3 dB, the flight test produced a valid noise certification level.

This example illustrates a Chapter 8 nolse certification procedure which requires a performance
correction. If the aircraft had the operational capabilities of the example of Section 2.5.7, a Malus
of 1.2 dB is added to the above nelse certification level. This would then lead to a performance-
corrected value of 9.3 dB(A), just below the perwitted 80 dB{A), if the aireraft had a take-off
mass in excess of 1800 kg. Hence, the aircraft would have passed the noise certification test.

In the above example it was tacitly assumed that the environmental temperature/relative-humidity
conditions were within the permitted area shown in Fig. 2.16 and that the wind-conditions were
acceptable.

(b) Chapter 19 Test (dee Section 2.8 of this AGARDograph)

A (take-oft) Chapter 10 noise certification tes: data reduction will require an atmospheric
absorption correction (under certain conditions). a height correction, a helical propeller blade-tip
Mach number correction and an ambient pressure correction.

While Chapter ¢ requires a level flyover. Chapter 10 invoives a take-off. ilere, the operational
Parameters of the test aireraft at the reference atmospheric conditions exactly define the flight tra-
jectory; hence no performance correction is necessary. Suppose that the test aircraft in the previocus
Jxample has to be tested sccerding to Chapter 10. Then a winimum of 6 valid test flights are
required. TAJLE ¥ below gives a list of (hypothetical) measured duta.

TABLE 7 “xrrple of Datu-Shest for a Chapter-10 Noise Certification Test
(TM = 18 *C, 'u! = 5,847

Toat "p.‘. Vy RPM

Nor " ] km/a  L/min °C

aAM Al A2 LP‘-N"

s dBé 43 d8

-.-'
s -4
X
X
x

1 .2 a0 1096 b & 308 0.830 0.027 0.5 "1 3.1 81.9
2 .4 98 M50 8 ms 0.817 0.0% 0.6 1% 13 .4
3 7.9 208 he 7 2%0 0.833 0.014 0.8 1.6 1.1 0.1
4 ™3 00 1700 k) 26 0.8 0.028 0.6 1.8 1.8 80.3
"4 ns 1m0 n 300 0.840 o0.007 0.8 1.9 0.3 7.3
[ ] ”.a 190 880 k] 390 0.811 0.0% 0.8 1.3 128 .7

4 0.3

8, 1.8

Ii' 1.47
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Recall that for this test, the reference temperaturs is 18 °C. Then the reference halical blade tip
Mach number ia 0.8347. Supposs that the refsrence flight height (during climb!) above the acoustic
messuring station was MO m, i.e. much less than the one actually flown during the test (psrhapa
due (o some head-wind). The test day average relative humidity is taken as 50%. On account of the
observed temporatures, all tests were outside the atmospheric 'no-correction'-window. ANNEX 18/ .
Chapter 10 then requires a Delta M correction. For a relative humidity of 80% and temperatures E
ranging between 283 °C and 33 °C the absorption coefficient in the 30C Hz band = 0.3, Thus,
; the Delta M correction of { - 0.TM,/308 equals -0.5 dB for all € test cases. The height correc-
tion of Delta 1 » 20 log (H‘JHR) must be individually compated as shown in TABLE 7. Referring to
Section 2.6.7 it is evident that for helical blade tip Mach numbers above 0.800 the deviations are
P always greater thar uvermitted; also, the test Mach numbers are all lower than the reference Mach
: numbers. Hence, a Huch number correction is mandatory.

PRI Y &'lwuwwmw

Thus, in the end, an atmospheric correction Delta M, a height correction Delta 1, = Mach-number
correction Delta 3 and (not included in the example) an ambient preasure correction Delta 3 must be
added to the measured levels to obtain the fully corrected noise levels. Again, the & valid levels
are arithmetically averaged, to provide the aircraft-specific certification level. In the example
shown, using the minimum required € data points (& valid test flights), the aircraft would have a
nolse certification level of 80.3 dB(A) with a 90% confidence level of 1.47 dB; this confidence level
just barely sufficea.

In the above illustration, a factor X = 150 far the Mach-number corraction was again used. It will
be recalled that ANNEX also allows to establish this factor through dedicated flight tests. The
following example, reported by CAA [21] illustrates the proceduie: within the framework of a
Chapter-6 noise certification test measurements had been made at the relatively low ambient tempe-
rature of 8 °C (Fig. 3.49) open triangles), corresponding to a helical blade tip Mach number of
0.87. The reference temperature, however is 28 °C, with an associated reference Mach number of
0.84¢. To derive a noise sensitivity curve (in this case l‘pA.mnx va helical blade tip Mach number),
the propeller rotational speed was reduced in steps down to a helical blade tip Mach number well
below 0.84 (as shown in Fig. 3.49, durk triangles). The noise sensitivity curve permitted the cor-
rection of the measured noise
levels to those at reference
90 T T T T L Mach number. Since the actual
Mach number waa rather high,
d8 8 °C DATA the correction amountas to some
8 dB, (which is actually larger
than permitted). Still, in the
- case at hand, it was possible
to repeat the measurements at
the higher test temperature of
20 °C DATA 20 °C at some later time.

Correction Curve
through RPM~-Change

T
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Fig. 3.49 shows that these data
pointa (open circles) agree very
well with the original sensitivi-
ty-curve, thus lending credibi-
Condition lity to the correction procedure.
Tn the example shown here, the
7% I T 1 A i L factor K would have a value of

70 75 80 .85 90 95 10 approximately 220.
helical blade tio Mach number i

80}

A-welghted level

Reference

Fig. 3.49 Mach number {(or temperature, respectively)
oorrection through “in the field wethod"
by weans of repeated flights at different
propeller RPMs (from Ref. 21)
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In order W determine a (final) Effective Perceived Noise Lavel, the puocedure outlined in APPEN-
DIX A te this AGARDegraph sheuld be followed. In the following, the precedure will be illuatrated
by meana of apecific datu examples, pertaining to helicopter noise tests |33; 331, It showd de re-
called that the nolse cert‘fication of a helicopisr is particularly complex, since measurements must
be mads simultanecusly using three micrephenes, eriented at right angle to the flight ath. Thus,
each micrephone position requires its own distance-correction for the point in time, when PNLTM
occurs; this point in time must not necessarily be the same at all microphones. For the latersl
wmicrophones this aleo involves a fairly complex ccmputation of alant angles. The average
EPNL-valuss obtained at sach of the three microphones (after individual correction) will yield the
final EPNL, and this for sach of the three precedures ‘take-olf’, ‘levsl flyover' and ‘landing
approach'. As a reminder: for heavy propeller-driven aereplanes and for subsonic jet-aircraft only
one maximum sideline level and one flyover level is required for a take-off test, and only one
flyover level for the approach test, rather than 3.

Though the final certification nolse level will be the EPNL, it ia advisable to check the data first
in terms of A-weighted flyover time histories. Disturbances in the noise levels are readily evident
from a visual inspection of A-level time historvy traces. An example of auch traces appears in
Fig. 3.80, where for the 3 microphone-positions, i.e. ‘sideline left' (in the flight direction), 'cen-
terline center', and ‘sideline right' the LPA‘““-lncn are shuwn. For certification, six such fi-
gures will be required. It is of course not surprising that the 3 microphones exhibit rather diffe-
rent traces for the same teat flight. Thase differences are due to (1) the differsace in the distances
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Fig. 3.50 Typical helicopter flyover A-weighted noise level time histories at 3 microphone locstions
‘sideline port', centerline center' and ‘sideline starbord' for certification procedures
‘take-off', level flyover' and 'landing approach’
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to the aircraft, and (2) the differences in nelsa directivity, which are knewn to be rather pro-
nounced for a helicepier and very dependent on the flight operatienal cendition (e.g. the presence
of a highly directionsl blade slap conditien). It will be recalled that different nolse sources domi-
nate during a typical helicopter flyover: for an approaching helicopter one might firet hear the
(forward directed) main roter high-speed impulsive noise, followed by main rotor rotation noise,
then engine nelse in additinn to tall retor contributions, and for the retreating helicopter agein
suihe Impulsive type main rotor signals. Bince each of these sources has lta own speed dependence
and directivity characteristics, the fiyover aignature Muctuates much more than that of a propeller-
driven seroplane (for an example sse Fig. 3.47).

All treces ahewn in Fig. 3.60 are referenced to the instant in time (% 0 second) at which the heli-
copler was dirctly abeve the center microphene. The maximum notse levele of the microphones will
usually not occur at that time.

.

Inspection of successive flyover A-level traces made
under nominally t{dentical conditions, as shawn (n
Fig. 3.81 for & level flyovers allows a judgement on
the repeatability of the teat. The similarity or dis-
similarity in the A<level traces for repeated test
flights are indications of the steadiness of the
flight path (as affected by wind and atmuspheric
turbulence), the ability of the tect pilot to repro-
duce the operational conditions for sach successive
flight, and the sensitivity of sound genevation and
radiation wechanisma to slight operational or atmo-
spheric variations from test to test, etc, More im-
portantly, from such initial level traces, one can
V\V salect the time span which must be analysed to en-
sure the 10-dB-down-points required fo. the PNLT-
computution. Since A-weighting differs from the noy-
weighting, one cannot simply take the A-level
10-dB-down time spans as available from the A-level
time histories. A time span should be selected which
comprises approximately 15 dB below L before

PA . max
and after the occurrence of l‘pA wax® A typical time
1]
span for a helicopter noise teat can range from 15
to 30 seconds, thus yielding between 30 and 80

individual 1/3-octave band spectra.

Run 2t

N

T

The first stcp in the subssquent iterative proceasing

‘\J “\ 0 of the data then involvea the reduction of the re-

\ L corded sound signal into 1/3 octava band spectra in

WW-D 0 0 WsW a frequency range from 80 Ha to 10.000 Hz, i.e. in

Tme —e= the 1/3-octave frequency bands from No. 1 (2 50 Mg)

to No. 2¢ (3 10,000 Hs). This data is usually digi-

Tig. 3.51  Typical helicopter A-weighted tizsed and stored at 1/2 second intervals on a digi-

:?:::plh.::.‘ l‘:e.:u::a.‘?::.u:l‘im tal magnetic tape for further processing. For the

OQMO!" hf § nominslly identical  analysis, Annex 18 recommends exponential averag-
(*take-ofl'} flyovers ing with a time constant of 1000 ms.

Bach of thess wequentially messured “raw" 1/3-ociave band spectra must then be adjusted for
o microphens frequency reeponse

o wind-ball effects
© recording system frequency respones




The microphons frequency response (s availahle from respense calibration supplied by the manufac-
turer or from a frequency respense check of the micrephene made prior to the test (nota that micro-
phones slightly change their frequency response in the ocsuree of several years, especiaily at high-
or frequencies).

T™he (requency-dependent insertion loss of a wind ball can be taken from data supplied by the
manufacturer.

Adjustments for recording system response will be made on the basis of previous recordings of 'pink
noise' (oenstant energy per 1/3-cctave band), whereby an additional individual correction for the
pin' nelse generater's sutput may be necsssary. A typical compilation of such spectral corrections
ts shewn in Big, 3.8}, listed for band numbers 1 through 4. They account for the frequency
responasss of (a) all the wind-balls, (b) each of the wmicrophones (microphons numbers 1, 2, and 3),
(c) the (one) pink-noise generator used and (d) each of & data channels. According to the sign,
thess corrections will be added to or subtracted from esach frequency band level.

CRNTER WIND- MIKR1 MIKER MIXES PINK N. PINK NOISE CALIBRATION FOR TAPE NO.
W, BALL Laft Conter right GRN. 1 2 3 4 [
»w 0.0 0.0 -0.3 0.0 -0.4 0.4 0.0 0.3 0.1 -0.2 0.3
a3 6.0 0.0 -0.3 0.0 0.4 1.4 1.1 0.3 1.1 1.0 1.0
a0 0.0 0.0 0.0 0.2 ~0.4 -0.2 -0.86 -1.2 -11 -0.8 -0.5
100 0.0 0.0 0.0 0.0 -0.2 -0.3 -0.8 -0.7 04 -0.8 0.9
128 0.0 0.y 0.0 0.0 -0.2 0.5 0.4 0.4 -0.1 -0.1 -0.2
160 en 0.0 0.0 0.0 -0.1 .8 -03 -0.7 -0.4 -0.¢ -0.6
200 0.0 0.0 0.0 0.0 0.3 0.0 - 0.4 -0.3 0.1 -0.2 -0.4
250 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ans 0.0 0.0 0.0 0.0 0.0 -0 -03 -08 -0.3 -0.4 -0.5
400 0.0 0.0 0.0 0.0 0.1 -5.1 -6.2 -0.8 -0 -0.3 -0.3
800 0.1 0.0 0.3 0.0 0.0 0.1 0.2 0.0 0.1 -0.2 -0.3
0 0.1 0.0 0.2 0.0 0.1 -0.1 -0.4 -0.83 -0.2 -0.4 0.6
800 -0.1 0.0 -0.% 0.0 0.2 0.0 -0 -0.4 -0.2 -0.4 -0.8
1000 -0.2 0.0 -0.3 0.0 0.2 0.2 -0.1 0.3 0.1 -0.1 -0.4
1380 -G.* 0.0 -0.2 0.0 0.4 -8 -0.5 -08 -0.3 -0.5 -0.7
1000 ~0.8 ~0.1 -0.3 0.0 0.4 -0.4 -0.7 -0.8 -0.¢ -0.8 -0.8
2000 -0.6 0.3 0.3 0.0 0.4 -0.4 -0.7 -0.83 -0.3 -0.6 -0.8
3800 -0.7 -0.3 -0.3 0.0 0.3 -0, -1.2 -1.}3 -0.83 -1.0 -1.2
N80 -0.8 -0.3 -0.2 0.0 0.3 -1 =18 1.2 04 -l -1
4000 -0.1 ~0.4 -0.2 0.0 0.1 -0.8 -1.0 -0.7 0.2 -0.7 -0.9
8000 0.8 -<.8 -0.3 0.1 0.0 -l.1 -1.3 -0.8 0.4 -0.8 -0.9
€300 0.8 -0.8 0.6 0.3 0.2 -1.1 -1.3 0.1 11 0.4 -0.8
9000 0.3 -0.8 -0.1 0.3 0.8 0.9 -1 0.7 2.2 0.1 -0.0
10000 1.0 -1.0 -1.0 -0.9 0.8 E3 ¥ TS N 1.0 .17 -0.0 -0.3

Fig. 3.532 Spectral corrections (in dB) of the data recording/reduction system

At this point then, ths instrumentation-related rssponss-corrected 1/3-octave band spectra at 1/2-
second intervala during the flyover are svailable for each of the microphones. One such corrected
spectrum might look as shown in Fig, 3.83. Even in thia relatively coarse resolution, ons distin-
guishes a rotational fundamental of the rotor arcund 50 Hz and several harmonics in the 100 Hx,
200 Hs, and 315 Mz bands. They imply the pressnce of pronounced “tones" which may affect the
PNLT-computation. If the time span for the flyover (within a 13-dB-below-maximum A-level range) is
30 seconds, one would obtain 80 1/3-octave band spectra at each of the 3 microphones, i.e. a total
of some 100 spectra.

The aircraft pesitien at the time of the wmaximum tone-corrected Perceived Noiss Lavel, 'PNLTM',
must be known for applying the simospheric and the distance correction, in addition to the dura-
tion correction which alsc depends on the ground spesd. As a first step the “"weasured EPNL" (s
deterwined, i.e. the EPNL without yet applying any duration adjustment or stmospherio-absorption
adjustment.
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Fig. 3.53 Typical flyover 1/3-octave band spactrum
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procedure we

By means of this

have now determined  the instant

in time and the position of the

3
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aircraft with respect to the microphone, at which the sound signal left the aircraft to produce, a
short time later, the maximum PNLT on the ground; more importantly, we have determined the sound
radiation angle between the aircraft and the receiving microphone. As will be recalled from Section
2.4.7 above, this angle is considered "aircraft lpccmc" nnd lndopondtnt ol its flight trajectory
posmon or of its climb- or ducont—anglo.

‘l‘hc next step pertains to correcting the m.m trajectory to the reference tnjoctory. The actual
flight path had been detsrniined by some aircraft independent means, as discussed in Section 3.3.1.
A typical trajectory plot {(as obtained, incidentally, by means of kinetheodolite tracking) for a
helicopter take-off is shown in Fig. 3. 58. Clearly the helicopter deviated both laterally and verti-
cally from the reference trajeotory. It is particularly important in this onmplo that the climb
angle deviates from the reference climb angle.

It is now a straight-forward matter to derive from the known nnilo @ that point on the reference
trajectory, where the aircraft has radiated sound at that "specific angle" towards the ground
microphone to produce PNLTM (see Fig. 2.12). From those points on the measured ‘and on the refe-
rence trajectory one may now determine the slant distances QK and QrK , which are used in the
correction procedure, As had been discussed in Section 2.7.7 of this AGARDograph, three particular
correction parameters, Delta 1, Delta 2, and Delta 3, must be determined individually for each of
the (also three) microphone positions.

v | GROUND PLANE TRACK

i - -

E o - e B -208 * [ v T e "™ T 1700
g u $§

E -208

ALTITUWE Z <)

DISTANCE ALONG CENTRELINE X(I)

Fig. 3.56 KTH-determined helicopter take-off flight trajectory in the ground-plane and the
height-plane in relation to the reference profiles

As a remirder: the Delta-l-correction accounts for (a) the atmospheric attenuation due the diffe-
rence in temperature and humidity from reference, (b) the atmospheric attenuation due to the diffe-
rence in slant range and (c) the (inverse sguare) distance attenuation due to the difference in
slant range. A numerical example had been given in Section 2.4.7 of this AGARDograph on the com-
putation of a Delta 1 correction. Delta 1 = PNLT“f - PNLTM is to be added to the measurad

meas
EPNL-value. Let us arbitrarily assume a value of Delta 1 = 2.1 dB.:
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To darive the sscond correction term, Delta 3, it should bs recalled that the ' 10~-dB-down-time 1is
both & ‘function of ‘distance and ground velooity. Therefors, an adjustment to the duration correction
ia required, when reference and messurement distances and ground velocities (* the flight velocity
relative to the ground), respectivaly, differ. This additional correction, which must also be added
to the originally measured EPNL-value, is

Delta 2 = - 10 log (QK/QrKr) + 10 log (V/V,) *

If the relevant flight-spesd V (in the case illustrated this would be a best-rate of climb-speed Vy)
is 190 km/h vs. a reference speed of 200 km/h, Delta 2 would come out as -0.7 dB,

If we take the PNLT-time history plot shown in ‘th. 3.54 as the pertinent example, we would read
PNLTM as 88.8 dB at time 23.75 8, and the 10-dB-down-points as 79.7 dB al time 13.75 s and 79.5
dB at time 33.25 s. From these, one determines EPNLm“_ as 90.3 dB. To this value., the correc-
tions Delta 1 and Delta 2 must be applied:

EPNLcorr. = EPNLma.'_ + Delta 1 + Delta 2
= 90.3dB + 2,1dB - 0.7 dB
= 91.7 dB.

This corrected EPNL-value pertains to one microphone location and to one particular flyover. By
means of a similar procedure, the EPNL-values at the remaining 2 microphones is determined. Each
flyover is characterized by the arithmetic average of these 3 EPNL-values. Such average EPNL-
values must now be determined for a minimum of 6 valid test flights. A typical printout for such a
test is shown in Fig. 3.56, where there are columns for EPNLCO". in dB, LpA,m.x in dB, PNL‘I‘m x
in dB, C (= tone correction) in dB, D (= duration correction) in dB, Delta 1 correction in dB, Delta

2 correction in dB, and OASPL (= the overall unweighted maximum sound pressure level) in dB.

This information i{s provided for 6 test runs. The lower portion then shows the 3-microphone aver-
ages for each flyover, and - as the ultimate certification level - the average over the 6 test
flights (88.8 EPNdB) and the standard deviation and the 90%-confidence level.

This final EPNL-value is then the specific noise certification level of the helicopter for one of the
three test-procedures, in this case the 'take-off' test. This level must then be assessed against the
noise limit (see Fig. 2.24).

This entire effort must now to be repeated for the 'level flyover' test, and for the 'landing
approach' test.

For the level flyover procedure, however, an additional correction term, corresponding to a source
noise correction Delta 3 must be determined, if any comoination of the following 3 factors

o airspeed deviation from reference
o rotor speed deviation from reference
© temperature deviation from reference

results in a noise correlating parameter whose value deviates from the reference value of this
parameter. Now, in the case of a helicopter in level flyover, this parameter would be the main
rotor advancing biade tip Mach-number M.dv' being a function of true airspeed, rotor speed and
outside ambient temperature. 8uppose that the advancing blade tip Mach-number at refersnce con-

¢ for application to helicopter noise certification ICAO-CAEP intends to change this term into
" Delta 3 = - 7.8 log v(QK/QrKr) + 10 log (V/V.). The reader should consult the latest relevant
addition to the ANNEX, as issued by ICAO.
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RUN-NO. . EMHL.  LA(M) BNLT(M) - C
. (EPNdB) (dB(A))  (TPNdB) (dB)

DUK(P)
(sec)

D Delta 1  Delta 2 OABPL
(dB) (EPNdB) (EPNdB) (dB)

SIDELINE NORTH 130 M

13 90.3 78.3 88.8 2.5 19.8 0.5 2.1 -0.1 832.7
14 86.7 70.1 83.4 1.6 23.0 0.4 3.5 0.7 78.3
16 90.9 4.2 87.7 2.1 20.5 0.2 3.9 -0.9 82.7
17 86.4 69.8 82.8 2.2 27.0 0.8 3.7 -0.7 7.4
18 87.7 7.8 88.7 2.5 20.0 ~0.6 3.1 -0.8 80.5
aa 85.4 66.9 81.3 2.2 26.0 1.0 4.1 -0.9 78.4
MEAN 2.9 7.3 .7
CENTERLIHNE CENTER
13 89.2 4.2 87.0 1.9 30.8 0.1 2.4 -0.4 80.9
14 88.5 73.5 88.2 1.8 22.8 0.3 4.1 -1.2 7.3
168 90.0 71.8 84.7 1.4 25.0 1.3 5.8 -1.8 81.5
17 89.2 73.2 86.3 1.7 23.0 0.3 3.7 =-1.1 80.3
18 88.7 73.2 86.8 1.8 19.5 -0.5 3.3 -0.9 80.9
1 88.7 71.8 84.3 2.0 25.5 0.9 5.0 -1.6 78.8
MEAN 89.0 7.7 80.4
SIDELINE S0UTH 160 M
13 89.3 7.6 86.7 1.1 27.0 0.3 2.7 -0.3 81.0
14 89.2 7.9 84.4 1.0 a7.6 1.4 4.3 -0.9 8.7
16 $0.0 71.3 84.1 1.2 35.0 2.0 5.0 -1.2 78.2
17 90.0 73.8 86.8 1.4 26.5 0.4 3.8 -0.8 61.0
18 88.5 72.8 85.7 2.2 25.5 -0.0 3.5 -0.6 78.9
21 89.3 70.0 84.5 2.1 29.5 1.0 5.1 -1.3 77.9
MEAN 89.4 2.2 7.3
AVERAGE OVER ALL THREE MICROPHONES
13 89.6 4.4 81.5
14 88.1 1.6 78.9
18 80.3 72.4 80.8
17 88.5 72.2 79.6
18 88.3 72.5 80.1
21 87.8 69.6 7.7
MEAN 88.% 2.1 FINAL RESULTS 79.8
S8TD.DEV, 1.0 1.6 1.4
20% CONF. 0.8 1.3 1.1

Fig. 3.56 Summary of exemplatory noise measurement resulis for a helicopter take-off procedure

ditions had been determined as 0.860 and that - for whatever reason - measurements were conduct-
ed at a lower Madv' Then one should obtain a 'noise sensitivity curve" {dependence of PNLTM on

Madv) through additional dedicated flight tests.
00

LEVEL FLYOVER AT t50m ALT

|

| — ol
"m 750 .00 %

A TP —
Fig. 3.87 Nolse sensiiivity curves for three
medium weight helicopters

Fig. 3.57 illustrates the genaral prob-
lem on the example of noise sensitivity
curves for a number of medium-weight
helicopters. The rather pronounced
sensitivity of EPNL on "ndv 18 quite
obvious. Fig. 3.58 now shows an ex-
treme case; here EPNi-values were
available from approximately 0.806 up
to 0.845, while the reference cundi-
tions called for an "adv of 0.86. In
this case it would be permitted to

utilize the slope of the sensitivity-
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curve to extrapolate to the
100 — reference value. In the case

: ? shewn this would involve an
50m upward correction of approxi-

: mately 3 dB, probably a ra-
[*Y S—C L) ther excessive correction. In
DIRECTION the end, the wvalue of the

Delta 3 source correction must
be added to the measured
EPNL-value in addition o
Delta 1 and Delta 2.

This section on the determina-
tion of a noise certification

X

s EPNL-value used the he)i - iter
@E noise certification a3 an

— example. The noise ceriitica-

tion procedures for heavy pro-

%0 .a% .ala .alz .als .lll. ols %6 .:7 ) peller driven aeroplanes and
ADVANCING TIP MACH NUMBER for subsonic jet aeroplanes

require aimilar evaluations to
produce a corrected EPNL.

Fig. 3.58 Determination of noise sensitivity curve through
dedicated flight tests for purposes of source
noise corrertion

4. TEST ASVECTS AND ANALYSIS TECHNIQUES IN FLIGHT AND WIND TUNNEL NOISE RESSARCH

The noise measures l..pA and EPNL have besn accepted for certification purposes. They are, however,
much too cuarse to provide much insight into the important aeroacoustic source mechanisms of the
various noise generators on flight vehicles. Understanding the source mechanisms of aircraft related
noise generators such as propellers, rotors, fans, jets etc. in their dependence on aircraft opera-
tional, geometric and atmospheric parameters is however paramount not only in making these
sources quieter but also to enable improvements in the noise certification procedures themselves and
to eventually allow for more stringent noise limits.

Nolse testing and analysis techniques for the purpose of flight noise research differ - sometimes
substantially - from those in the "well-establighed" noise certification procedures. In research there
is often a need for an extended range of parameter-variations and for a much more detailed analy-
sis. For example, narrow-bandwidth analyses in the frequency-domain and analyses in narrow time-
increments in the time-domain are called for.

In aircraft noise ressarch both flight and wind tunnel tests are conducted. In planning and exe-
cuting such tests, there is a need to understand their particular advantages or disadvantages. To
illuatrate special techniques involved, the following sections will discuss some testing and analysis
aspects in conducting aeroacoustic resemrch. Six specific areas will be treated:

Flight (and Ground) Noise Testing of Subsonic Jat-Aeroplanes
Flight Noise Testing of Propeller-Aeroplanes

Flight Noiss Testing of Helicopters

Jat Noiss Testing in Wind Tunnels

Propeller Noise Testing in Wind Tunnels

Rotor Noise Testing in Wind Tunnels

© © 0 0o 0 0o
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The intent of this AGARDograph-Chapter is however not to provide a fully comprehensive discussion
of all possible test and analysia procedures that may otcur in the course of aircraft nolse research
in the widest sense. Rather, selected test and analysis techniques are introduced and exemplified
through a discuasion of several recent aercacoustic research projects. From that the reader should
obtain & "gut feeling” for the variety of experimental aspects in aircraft noiss research as opposed
to thoss pertaining specifically to notse certilication.

While the material in the previcus Chapters 2 and 3 is in principle sufficient to plan and conduct
noise certification work, the account in Chapter 4 is a sequence of carefully selected acoustic re-
search experiments, which is no more than a brief introduction to the vast and complex subject of
aeroacoustics. Work on such topics as 'identification of noise sources' or 'reduction of acoustic
signatures’, certainly requires the collaboration of w specialist. In order to moderate the optimism
which might result from the rather succeasful acoustic experiments described, some of the less obvi-
ous effects which may occur {n aeroacoustics are noted in passing and render this such a
challenging subject,

4.1 Flight Testing va Wind Tunnel Testing

When studying aircraft related acoustic source mechaniams, it ia generally advantageous to "break
down" the noise as emitted by the aircraft into ita various constituents. For a propeller-driven
aeroplane these will be the propsller(s), the engine(s), gear boxes, and the engine exhaust. For
other types of aircraft airtrame noise (e.g. from wheel-wells, landing gears, flaps, slats, etc.)
may also require special attention. Such airframe noise can be a problem especially during the
landing approach phase of subsonic commercial jet aircraft. For a helicopter the main rotor, the
tail rotor, the engine(s) and the transmission produce significant noise components.

Though each of these noise contributors acts as an individual source, some also interact: for ex-
ample, the propeller flow field and its noise-generation are affected by the engine-rowling, the
wings and - in a pusher-configuration - also by upstream struts and tail-components. The particu-
lar installation of a jet-engine or of a propeller may also influence the way it radiates sound. A
wing or fuselage may act as a reflector and redirect or even emphasize the sound. The tail-rotor of
a conventional helicopter operates in the highly unsteady wake of the main rotor or in its trailing
vortices or in the wake shed by the main rotor hub. Thus, the interaction per se of individual
noise-contributors is an important additional source of aircraft noise, requiring particular atten-
tion.

Flight testing the actual aircraft in its natural environment gives the most realistic information.
The aircraft operates the way it is intended to, and there are no scaling problems. These advan-
tages must, however, be assessed against limited variability of the test-parameters and the stati-
stical uncertainties of repeated measurements. Also, acoustic signals from a flying object are af-
fected by Doppler-shifts and the sound passes through an inhomogeneous and turbulent atmosphere
before arriving at a ground-mic'rophone. These latter are often positioned some distance (e.g.
1.2 m) above the ground, which can cause critical ground-reflections. Furthermore, the aircraft
must be tracked rather precisely to allow unequivocal synchronisation of sound signature and air-
craft position. Hence, data acquisition, reduction and eventual interpretation are affected by a
number of non-source-related influences, which often result in severe data scatter.

Many of these problems are avoided in wind tunnel testing, especially, if high quality open test
section tunnels with low noise are available. Wind tunnels allow essentially indefinite test-time
under usually very stable and reproducible cunditions, since the environment can be fully control-
led. Also source and receiver are in a fixed relative position, which facilitates source identifica-
tion. Wind tunnels permit the testing of components (propellers, rotors, fans, jets) by themselves or
in appropriate combinations and off-design operation can be safely executed.
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Appropriate (uhgnk) wind tunnela for asreacoustic testing must thevefore fulfill & number of
requirements: Thay must foremest possess the aeredynamic features of high quality conventionel
tunnels, such &¢ gesd few gquality (struight velocity-profiles and low turbulence). For aeroacoustic
testing only wind tunmels with an cpsn test section can be used. The open test section must be
surrounded by a large snecholc sest hall te provide the necessary free-field conditions. The wind
tunnel drive asystem (fan) should gemerate as little noise as possible and - as an additional
measure - the duct walls and the guide vanes should be treated with absorbtive material.

In an open test section tunnel, the "lower"-frequency-limit of the absorptive treatment on the
surrounding test hall walls may in effect be rather high. Such walls may in cases more reflect
than absorb the impinging sound. In wind tunnel testing, it will be often necessary to employ
scale models. In that case one is faced with Reynolds-number problems, which can adversely affect
both the aerodynamics and the acoustics of a test.

Another important feature is wind tunnel size. In the "best of all worlds" it would be possible to
determine the sound-field arocund an ssroacoustic noise genarator atill within the potential core of
the tunnel free-jet but in the geometric/scoustic far-fisld (the latter requirement is related to the
physical size of the model and to the wavelength of the sound oconsidered). In such a case sound
Propagation through the shear-layer is avoided. This requirement calls for test cross-sections many
times larger than the model to be tested.

There are a number of highly qualified tunnels that fulfill all or most of the above requirements.

Examples are the German Dutch Wind Tunnel (DNW) in the Netherlands (Fig. 4.1a), the CEPRA 19
Wind Tunnel (Fig. 4.1b) at Saclay near Paris, and the Bosing Large Anechoic Test Chamber
(Fig. 4.1c) in Seattle. The DNW combines all asrodynamic and acoustic festures in an cptimum way,
and many experts believe that it is the best facility for asroacoustic research available at present.

Aircraft noise research cannot rely on one type of experimentation only. Often a combination of
full-scale ground and flight testing, and full-scale and model-scale wind tunnel teting is neces-
sary to obtain all desired information.

4.3 Flight and Jot

Noise certification of subsonic jet sereplanes requires & minimum number of & valid flights for each
of the two test procedures 'Take-off' and ‘Appreach’. Since botr fiyover and sideline noise data
are to be obtained within the take-off flight, in principle only 18 flights are necessary. The actual
acquisition of noise certification data of a Chaptsr 3 aircraft, for exnample, eould thus be achieved
within a relatively short time span.

ln pncuu however, preparation, wet-omductance and data uﬂouu represents a substantial of-
« Frequently, the validity of a sl fNiyover can al; b W L n-o W the fact",
vlun off-line analysis had been perfgewmed. In that ¢ase 2 -P9w W0W seried aighl hesome -pecessary.
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Fig. 4.1a German Dutch Wind Tunnel (DNW) in the open test section configuration

Fig. 4.1b

ONERA CEPRA-19 acoustic
wind tunnel, a facility of
CEPr (Centre d'Cesais des

Propulseur)
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Fig. 4.1c Boeing Large Scale Anechoic Test Chamber

An airframe manufacturer, having to go through the noise certification procedure for a newly
developed asroplane would therefore attempt to obiain a broader acoustic data base on hia "datum"-
aircraft, expecting the eventual development of “"derived versions". Prediction of the noise levels,
and of noise certification levels in particular, for such a derived model could then to a large
extent, or even entirely, be based on data from the original aircraft. Perhaps only a few check-
flights would be necessary or flyover noise measurements could be eliminated altogether.

Derived versions differ physically from the original aeroplane in a number of respects: for
: example, there could be an increase in take-off weight or engine thrust, or there could be changes
to the power plant. Also a derivative aircraft could be stretched or shrunk. Such measures are
likely to affect the noise as generated and radiated by the aircraft, as well as the reference-speed
and the distance between the reference measurement points and the aircraft. If enough information, ]
say, on the effect of engine power setting, of airspesd or ground-speed, or of distance (slant ¢
distance, in particular) had been obtained on the original datum aircraft, many acoustic changes 3
in the derived version could be accounted for analytically or by means of (moderate) data extra- X
polation. It is imperative, however, that the original data set is extensive enough for the purpose.

In the following some aspects of the acquisition of the necessary information will be discussed, and
ar approach be generically deecribed how flyover nolse may be prodicted on the basis of full-scale
static engine tests and model experiments of jet engine components.
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are o bE genersiid ever & wide FOAgE o paremster viriations. If the data is to be used for pre-
disiing Sortification wolee levels, thon the' relevast neise paramster is the EPHL. The corresponding

Mine “power” paremeter would then be either the met throst ¥, fer a low bypass turbo-fan
angine, or the fan retational spest N, for a high bypase fan-jet eugine.

To gentrate sush plets, & sulficient number of neise measurements must be made for different engine
Pover_setting, speeds and (slamt) distances. Spectfically, ™yover/side-line noise tests” with the
alreraft in the take-off seafiguration sould be conduoted for ‘take-off' engine power and 'cut-baock'
wgine power, and sovirsl valuss in betwesn. "Appreach noise tests™ with the airersft in the land-
ing eonfiguretion (landing gear deployed) could again be conducted with different engine power
settings and flap-ssttings.

\

&

[ Cut-bask ™
power oft pewer

Fig. 4.3 Schematic of generalized noise data base acquisition for use i1 the noise certification
of a "light-datum-* and then for the “durived-version"- aircraft

Fig. 4.3 is an illustration of how data may be acquired and how the result might look like. Here
EPNL is plotted for parameters thrust (or fan rotstional speed, as the case may be) and distance
for a fixed flight spesd. Additional plots must then be obtained for a number of other flight
opseds. Of course, all noise data must be corrected to the reference atmospheric comditions, follow-
ing the procedures described in Section 2.3 of this AGARDograph.
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As mentioned, a derived version may be equipped with & medified power plant, where some acousti-
oally effecitve changes had been made 10 the eriginal enyine or a different (theugh broadly
similar) engine by ancther manufacturer might have been instalied on the same airfrase. Plight
testing for asise certification oan then often be avoided threugh cemparstive greund-static tests of
beth the flight datum and the derivative power plants using static open air test fucili:'es.

Here the philoscphy is to first obtain acoustic data om the datum eagine through a ground test.
The same engine - installed on the aireraft - will then be noise tested under actual flight condi-
tions; (light and aircralt installation effects on the engine 1oise will thus become apparent. It
will be advantageous io consider iadividually - if possible - nolse producing components of the
engine (e.g. fun, compressor, turbine, jet-exhaust) and of the airframe and to determine how they
(individually) sre affected by the actual flight cenditions.

It is now argued that the flight effects on a (broadly similar) derivative engine/aircraft configu-
vation are quantitatively similar. Thus, using acoustic data as obtained by wmeans of a ground
based test of a derivaiive engine one ctuld extrapolate towards the noiss under flight conditions
with considerable confidence.

The orucial aspect of such u: .pproach is the attainable aceuraey in projecting static noise data
towards flight noles datt for amy particular given engine. An engine in flight operates under ocon-
ditions of high-apeed inflow; also the engine exhaust jet is sercacoustically affected by the change
in relative ambient speed, leading to & downwind spreading of the jet-sources.

Individual sspects of this approsch will now be discussed.

(a) Engine Inflow

In static tests, the inflow into the engine must not be affected by ground effects. Any unsymmetry
in the intake-flow will substantially distort the noise generated. In flight, such unsymmetry would
not normally occur, certainly not under conditions of straight level flight. The "distorted-inflow
problem" is minimized by employing large spherically shaped inflow screens (Fig. 4.3). The engine
iteelf should be mounted sufficiently high above ground to ensure essentially undisturbed and
radially symmetrical inflow.

(b) Installation Effects

In predicting the noise of the engine, as mounted on the aircraft, inr'allation effects must be
accounted for. Usually, engines are mounted close to the wings or the fuselage. Exhaust noise is
particularly affected by reflections off nearby wing surfaces. Both the acoustic intensity and the
noise directivity could be substantially changed.

It the datum-engine and the derived version engine are broadly similar, one could expect the in-
fluence of forward speed and sngine sirframe installation to be similar. Hence, a rather straight
forward static-to-flight extrapolation for the "derived version engine" should be possible on the
basis of the static-to-flight relationship of the datum engine.

(c) Deta Anslysis

Measuring the flyover noise of a jet aircraft equipped with modern high-bypass engines is inherent-
1y complicated. The spsed of the sircraft relative to the ground is typically much higher than that
of prapeller-driven aeroplanes. If the flight height is low, in the order of a few hundred meters
only, as would be the case during initial climb or final approach, the angular radiation angle

changss rapidly,
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Fig. 4.3 BSpherical intake flow straightener

In measuring the noise from a high speed aircraft in overflight the inherent Doppler-effect causes 2

time-compression (during approach

) and a time-expansion (during fly-away) of the signal in the

time-domain due to the source motion; hence, the spectral information obtained is affected in a

(@)
o
(b)
o T e e 8 w0
roquanay (Wz)
Fig. 4.4 De-| Jerization of high-speed/

low-altitude {lyover
nolse signature (rtum!ol. ")

number of ways. This is sspecially true if narrow-
band spectra are to be determined which are of
interest in identifying certain tone-producing com-
ponents (such as the fan or compressor- and tur-
bine-stages). In analysing flyover noise signals
for reasons of tonal component identification it is
therefore necessary to "de-Doppler" the acoustic
signature. An excellent description of the relevant
technique is provided in |34|. This technique in-
volves the calculation of the sequence of recep-
tion-times corresponding to a particular aset of
regularly spaced emission-times for an assumed
source position and velocity. This way an emission
time history is constructed f{rom the received sig-
nal. If the microprane is sampled at these recep-
tion times, then the Doppler-effect is removed.

In spectral analysis, the atcuracy after transform-
ing a time-affected signal to the frequency domain
depends on & trade-off betwsen bandwidth and
averaging time. In flyover noles tests, the aver-
aging time durstion is limited, sinoce the
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emission angle changes repidly. By using, however, a number of microphenss spaced longitudinally
under the flight path, one can offectively increase the averaging time without loeing angular
resclution. Fig, ¢,4 (reproduced from Mef. M) illustrates the dramatic improvement in frequency
resslution after de-Dopplerisation. While in the original (Doppler-affected) sigaal the tones -
although being clearly discernible - ppear broadened and blurred, de-Dopplerisation now woves
these tones to the correct frequency (where they can be related to known engine-associated rotatio-
nal speeds) while at the same time making them appear much sharper and unblurred.

(d) ration Engine and Airframe Contributions

The noise signature of a jet-powered aercplane contains contributions from the engines and the air-
frame. The engine noise itself combines fan, core (combustion and turbine), and jet contributions.
Alrframe noise, which tends to dominate at lower engine powsrs, such as during approach, is caus-
ed by the external airstream over atructural components (flaps, landing gears, wheel wells, atruts,
stringers, etc.). The assessment of the contribution from airframe noise should always be an inte-
gral part of any flyover noise study. This way by obtained by conducting flyovers with engines at
flight idle. The radiated noise weuld then ssmntially represent the aircraft's airframe nolse.

Airframe noise increases approximately with the 5th power of a representative speed (& flight
8peed). One could thus obtain an order of magnitude estimate of the airframe noise at higher
engine-powers and flight-speeds, respectively, where airframe noise could not any more be deter-
mined directly.

(e) Jot_Noise/Core Noise

If the effect of flight on jet noise were just a translation at uniform velocity, then an overall
Doppler shift and refraction of sound at the jet/atmosphere interface would be the only result, The
reality is more complex, because even if one wat only to compare an aircraft in steady flight with
8 static ground noise rig, the flow in the jot is non-uniform and unsteady. Thus the Doppler shifts
depend on location and time within the jet, i.e., on the flow structure.

Sound propagation in a jet is affected by vortices, turbulence, shear layers, shock waves, and any
other properties in the flow pattern. A Doppler shift varying in space and time is equivalent to a
change in direction of propagation and frequency, i.e., all these flow effects change the directivity
and spectrum of sound. Also, even if there was initially a coherent sound beam, with all waves in
phase, propagation through the non-uniform or unsteady jet flow causes phase leads and lags, and
hence diztinct wave components can interfere.

There are successful examples of calculating flight effects on noise, but Viwy involve a careful
study of physical phenomena and sophisticated mathematical analysis. Simple formulas allowing the
prediction of in-flight noise from static noise tests have given at best correct trends, because of
the difficulty in taking into account all the effects mentioned above.

Prediction of the engine noise from atatic data should individually cover the fan, the core and the
engine exhaust jet. In case of & modern high bypass engine, the engine exhaust itself consists of
the hot core jet and the surrounding annular cold bypass jet. The (fuli-scale) flyover noise from
the core and from the exhaust jot may, however, bs predicted on the basis of model tests. Such an
approach is described in |25]. Here, a 1/20-scaled coaxial hot/cold jet experimental ast-up corre-
sponding to a Rolls-Royce RB 211 engine was placed in the large NGTE anechoic chamber. The co-
annular nossle was positioned within a circular flow noazle of larger diameter, providing the for-
ward flight simulation air stream. Measurements were taken with microphones placed at the correct-
ly scaled farfield position for later comparison with the flyover distance. By means of this set-up
the "uninstalied-engine" jet-noise could be determined. To account for the fact that the aircraft
engine (s mounted under the wing, an appropriataly scaled wing was placed next o the model co-
axial jet set-up. Core noise was determined on a static full-scale engine set-up, where by means of
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certain analysis-teohniques, the jet and the core nolse contributions ocould be separated. WNest, a
loudepeaker systom was put upsiream of the internal centsrbedy of the primary noatle in the model
set-up In the anecheic chamber. A broadband signal was played into the loudspeaker and the
resuiting noise was measured in the presence of a wing, but in the abasnce of flow. The resulting
directivily pattern was then applied o the "uninstalled core-engine" nolse spectrum, aa wmeasured
within the full-scale engine experiments.

This information was finally used to derive the combined "installed jet" and “nstalled cors" noise
spectra at various angles arcund the engine exhaust orifice.

(1) Remark of Caution

Methods of extrapolating flight effects on noise applying to derivatives of an existing engine
assume that:

- for the existing engine, both static and tlight nolse data are already available;
- the derivative engine has a simtlar configuration, and only static noise data is needed.

This way of extrapolation assumes that noise generation and shielding effects for the original and
derivative engine are similar, which could be trus if the mechanical configuration and operating
condition are similar.

On the other hand, it would be very difficult to extrapolate from the noise of a turbojet to that of
a turbofan, even if the core engine were the same, because: (i) the fan emits much more noise to
the front of the engine, and its reduction requires special techniques; (ii) the noise of the jet core
is reduced by refraction in the by-pass flow of the turbofan. Thus one might expact the turbofan to
radiate more noise to the front and less to the rear than the comparable turbojet. A quantitative
prediction of the effect or methods of noise reduction would require much detailed research.

4.3 Flight Nolse Testing of Propeller-Asroplanes

To investigate propeller noize characteristics by means of ‘flight experiments, several approaches
are posaible:

(1) MNounting the microphone, or an array of microphones, on the aircraft itself, This provides
e realistic environment for the tests and has the advantage of a fixed gource/receiver
configuration. Usually, only measurements closs to the source are posaible since the
maximum attainable distance between the relative positions are determined by the aircraft's
dimensions and its geometry.

(2) The use of a low-nolse companion asroplane which flies in formation with the test aircraft
and can therefors waintain a fixed rvelative position of source and recelver. Such a com-
panion ssroplane can carry one or more microphones, The advantage of this approach is the
essentially complete freedom of the relative positioning of source and receiver: the
companion aeroplane may fly under, above, to the side, ahsad or behind the teat aircraft.
In this manner a complete survey of the propailer noise fisld all around the test-aircraft
can be made. The required accurate station keeping, however, makes this test difficult to
execute.

{3) Conventional flyover tests, where one or more stationary ground microphones measure the
nolse of the test-aircraft flying over the wessurement station.
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4.3.1

Nearfield notes messuréments ‘on propeller aircraft can best be' dons by mounting  microphones
direttly on the afrcraft. The microphones are often fush-mounted in. the ‘fuselage surface, a tech-
nique that can only be sensibly used for wing-mounted propelieés {ii. Tor tWin-'br multiplé-angine
asroplanes). Alternatively, the microphone(s)’ can b’ mounted on a support structure {strut, booin)
off the aircraft wing or nacelle, - : : : ’

() T apd Arrengese t ‘ hones

Microphones smbedded in the fusslage surface are normally used to study problems related to inter-
ior noise. If positioned nsar to the propeller rotation plane, such -nicrophonu are exposed to the
pérlodic impingement of the rotating, blade-associated, pressure field and to the nearfield acoustics
of the propsiler.

The DORNIER Uompany used fuselage-embedded 1/4-inch-diam condenser microphones on their "TNT-
Experimental Aeroplane”; the microphones were mounted in the plane of rotation of the propeller and
thus at the given distance from the propeller hub 126]. The microphone signals are however affect-
ed by the surface boundary layer noise and by satructural vibration. These effects are not very
significant as the microphones are very close to the source and the signal is strong.

Although used for noise studies on a commercial jet-liner (a B 747), rather than on a propeller-
aeroplane, the approach taken by the Boeing Commercial Airplane Company is of interest in this
context |27|. Here a fluctuating-pressure transducer was mounted in a special housing inside a
rivet hole. This sensor had to bs insensitive to weather and other environmental effects, small (ap-
proximately 1/10 " diam"), and capable of measuring surface-pressure levels or acoustic levels from
as low as 85 dB up to 130 dB. While condenser microphones would be the preferred choice for this
purpose, they are rather sensitive to moisture and cannot be installed in advance of a flight test
series and then be left exposed to the weather and mechanical hasards. Therefore a plego-electric
type wus selected. On earlior cccasions sensors had been bonded to the outside fuselage surface
with leads taped to the skin and routed to the interior through a window blank. As these sensors
protruded ahove the surface of the fuselage, they had a tendency to generate self-noise, thus
defeating the purpose of low-noise teasurements. The problem was solved by mounting an appropri-
ate small-diameter pulam-.-iigﬁit'lq an available rivet-hole. B

Microphone-carrying
nose booms are also
often  used. Figs.
4.8a and b show two
examples, one repre-
senting an array of
microphones on a
Cessna Ta207, the
othear on a Fairy
Gannet, both for uase
in  propeller noise
studies.

In the context of a
natursl laminar-flow
experiment on a
B 787 test airplane,
& . microphone probs
for messuring . engine
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Fig. 4.5b Microphone nose boom on Fairy Gannett aircraft

noise near the laminar-flow glove on the wing is described in |28|. Here the original condenser
microphone of a commercially available 1/4-inch-diam nose-cone arrangement was replaced by a
plezo-resistive sensor of the same di‘.eter. In this way the low self-noise qualities of the nose
cone arrangement with the sturdiness and the insensitivity to ambient influences of the piezo-resi-
stive sensor were combined.

Self-noise studies of nose-cone equipped microphones using a 'Janus’' sail plane are discussed in
129}. Here, an airay of several parallel booms on the glider wing (Fig. 4.6) allowed a direct com-
- PRSP TP TR i - : parison of diffe-

rent nose-cone
diameters under
identical condi-
tions, A dimen-
sionless plot of
1/3-octave-band
gself-noise spectra
for cones on
1/4"-, 1/2"-, and
1"-diametar

booms showed
that the latter
was superior to
the two others

(Pig. A.7).

mmphono/ nose-cone ~

Fig. 4.8 Aittoine test set-up to opl -
- & iider plang -

arrangements for self

(v) Propeller Noise Messurements - :
Nearfiéld Btudtes on Counter-rotating Propellérs
THi ‘violsh téets on the counter- propitieis. (CRB) of .the Fuiry Gannes sirersfi produced s

rather intéigufrig’ experimental result: as both propollorg could be operated lndop_cndcntly, it was
poasible to drive them at slightly different' rotstions) ‘spesds.’ ‘At équal ¥PMe and blade numbers,
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both the steady and the unsteady source effects would produce noise components at the blade

passing frequency of one rotor and its harmonics,
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Fig. 4.8 Frequency splitting in the noise from a Hamilton
Standard Gannet counter rotating propeller
operating at slightly different RPMs (from Ref. 31)

and no new frequencies are

introduced by the
second propeller.
Each propeller pro-
duces, however, its
own set of funda-
mental and har-
monic frequencies
due to the steady
sources (thickness
and blade-load-
tng), which can be
readily identified
on account of the
sligtu. difference in
RPM (Fig. 4.8).
The obvious peak
in between, now,
is due to unstesdy
aerodynamic inter-
action. These re-
sults are theoreti-
cally explained
and physically de-
scribed in |30 and
311, The method
provides a powerful
diagnostic tool in
CRP-noise research.

Another interesting test result of this experiment is shown in Fig. 4.9, providing the aszimuthal
variation for i.ho first four harmonics of the blade-passing frequency (BPF). This information was
obtained by very .lwly incremnting the meah«peint around the propeller circumference .and record-
ing harmonic sound pressure variations as function of time. Thus the patteyn was moved past ihe
“stationary" microphone boom.

(This result illustrates the

importance of considering different
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asimuthal loca-
tions in counter-
rotating propel-

R ler-noise re-
e % 4 search, rather
|~ than only one

azimuthal loca-
10° tion, as would
\ o be sufficient in
single propeller
configurations at
270° ”0* no angle of flow-
incidunce).
10°
Ircumferential
Time trace ¢ r;::'octlvltv y

Fig. 4.9 Counter-rotating propeller circumferential directivity
at blade passage frequency and higher harmonics (from Ref. 31)

Separation of Prupeller and Engine-exhaust Contributions based on Pressure Time Histories

A piston-engine powered propeller-aeroplane radiates noise from the propeller and from the engine.
Since the engine "firing frequency" and the propeller blade frequency are often harmonically relat-
ed, it may be difficult to separate one from the other. For near-field flight noise testing it is
particularly desirable to separate these two to evaluate the relative noise contributions and their
dependence on flight operational parameters of interest. Such tests should preferably be done on the
flying aircraft.

A procedure is described in |32}
where the two sources - after pro-
per identification - are electro-
nically separated to obtain the
“clean" propeller signal at a pre-
determined observer position, in
this case at a wing-tip micro-
phone. Fig. 4.10 shows the test
aircraft and its sting-mounted
microphones on the wing. Here 'M1’
designates the wing-tip microphone.
Another microphone, 'M7', was
positioned very close to the engine
exhaust orifice. From the tape-

Fig. 4.10 Test aircraft Cessna T207 with microphones
for propeller near field nois¢ studies recorded data, the '"exhaust-noise

signal was subtracted from the

combined signal after appropriate adjustment in amplitude (to account for the propagation path
attenuation from the exhaust to the wing-tip microphone) and in phase (to account for the sound
propagaticn time). Fig. 4,11 illustrates this process: (a) shows the engine exhaust signature of the
g-cylinder-engine measurec very closeby to the exhaust outlet - the repetitivo pattern for the 6
peaks o clearly discernible; (b) represents the combined signature; (c/left) showe the (adjusted)
exhaust signature superimposed on the '"contaminated" total sig..ature and (c/right) the "clean"
sighatute of the propeiler only, after subtraction of the exhaust-noise. '
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Fig. 4. 11 Procedure to extract the "clean" propeller noise signature from a signature contatning
both propeller and engine exhaust contributions

This approach is useful when the gear ratio between the engine and the propeller is such that a
direct source identification of the propeller and engine rotational frequencies is not possible.

Determination of Real-time Blade-Pitch Setti
; ————nn O _Teal-lime Blade-Pitch Setting

Variable pitch propellers automatically adjust their pitch, depending on the inatantanecus load on
the propeller. There is, however, no direct indication in the cockpit of the blade-pitch since there
, is no "need to know" for the pilot. In research it is sometimes of interest to monitor not only the
p average blade pitch angle but also its variation with time, since there is a direct bearing on the
noise produced.

For that purposs one could Project a narrow beam of light towards the rotating blade which has a
narrow sirip of reflecting tape at the appropriate location. The ratio between the duration of time
where light is reflected and where no light is reflected is an indication of the blade-pitch angle;
steeper angles thus cause shorter reflection blips, and vize versa. Since such optical information
can bs readily recorded on tape together with -any adoustic lnfomn__tton of interest, a direct corve-
lation between these parameters is possible,

e AR e 1.
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4.3.2 Fiy-by Testing

In the uchniqui of "fly-by testing" both the test object (the propellor ssroplane) and the micro-
phone - attached to a companion sbroplane - fly in formation. This can be dome at almost any de-
sired nmm speed ~ including mero - lnd at any relative position with respect to each other

(Fig. 4.12).

Flyby testing offers the following advantages:

© 0 o O

realistic flight' condition

absence of ground proximity effects, such as

- microturbulence due to solar heating

- strong tempsrature gradients near to the ground
- a ground surface atmospheric boundary layer
absence of ground reflection to the microphone

absence of promounced atmospheric temperature differences betwesn source and receiver
generally similar wind conditions for both the “test-" and the "receiver'~aeroplane
very low ambient noise (only aerodynamic noise induced by the microphone) especially when

a glider plane is used as a pacer aircraft

possibility of effectively shielding engine exhaust noise contamination by flying at the

"exhaust-averted" side of the test aeroplane

Tests employing a powered
glider (whose engine was
turned off during testing) to
carry the measuring micro-
phones [33| showed the fea-
sability of this approach
(Fig. 4.13). The test pro-
peller-aircraft, a single-
engine Jodel, passed the
glider at a relative speed
of 100 km/h, i.e. much less
than the actual flight speed
of the Jodel (330 km/h) and
at a distance of approxi-
mately 100 m. An important
advantage of this slow rela-
tive apeed is that the radi-
ated noise signature changea
more slowly than when the
microphones are on the
ground. The figure shows
the propeller noise pressure-
time-histories during three
successive 80 ms time inter-
vals, where the glider was
«head, beside and behind
the test aircraft, respective-
ly. The changes in pulse
width, amplitude and/or
crest-factor of the individu-
al pulses as a function of

. radiation = direttien ave
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Fig. 4.13 Propeller noiss pressure time histories as obssrved at angles 'forward', in-plane' and
rearward' during flyby with propeller Mol = 0.79 (from Ref. 33)

4.3.3 Fiyover Msasurements

The most widely used test procedure to study the noise of full-scale propeller-driven aircraft is the
flyover test, as also employed in noise certification. The aircraft flies over the acoustic measure-
ment station on the ground at a specified flight height. Possibilities to obtain incorrect data by
such a procedure are, however, manifold and the acquisition, analysis and interpretation of
acoustic data must be conducted in a very careful manner.

Data acquisition techniques and procedures largely correspond to those employed in noise certifica-
tion testing. Data reduction is, however, often conducted in a different way, depending on the
problem at hand. For example, data may be analysed in narrow-bands to facilitate identification of
individual noise sources. It should be remembered that a flyover noise signature is inherently of

fransient nature and certain precautions are necessary to obtain correct narrow-band spectra from

s flyover noise signaturs, as it is affected by a Doppler-frequency shift.
(a) Narrow-band Analysis of s Transient Flyover Noise Signal
ais i tions

During a typical fiyover, the (unweighted or A-weighted) noise level will increase, sometimes rather
rapidly, frem the ambieont neise level 10 & maximum 4nd drop back into the ambient. The frequency

‘content of the obeerved signal will alsc change, because of the directivity of the source and the

Deppler-sffect. For a narrow-band anslysis relatively small time-increments must be chosen, as both
distance snd slant angle with respect to & ground based cbserver change rapidly.

The fundtstentil tens of the prepsiler nolse appears in the frequancy spectrum as the product of
the nusber of reveiuitons por setond and the number of blades;: harwonics are multipiss of this
Naddmsatal fruquenzy. Por the greund bssed shoorver, this fundamental propsller frequency (and
ol “herisatss) ehanghe during the fiyever. Por a level fiyover situation, the chserved propelier
mwﬁmﬁnﬂmm~wmmwnmrmmm
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If the propeller RPM is not monitored in the cockpit the propeller rotation speed can also be deter-
mined from a plot of obssrved rotational frequency vs. time, or vs. radiation direction. When the
sireraft flies at low speed or at » fairly large height, i.e in & manner such that the emission
angle changes slowly with respect to a ground based chssrver, the propeller rotational speed can
simply be taken as half the average of the almost constant frequencies during approach and during
recess, respectively, as illustrated in Fig. ¢.14 M},
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Fig. 4.14 Change of propeller rotational frequency due to the Doppler-effect during level fly <over
as observed on the ground

F..  xample, one may now analyse the flyover noise signal at desired time intervals, e.g. every
1/2 second . However, since the signal is non-stationary, the analysis duration must necessarily be
rather short. There is a relationship between the frequency band range to be analysed, specifically
the upper frequency limit f 1 the resolution in terms of an analysis-band-width Delta f, and the

u
minimum required anslysis duration Delta t.

One particular commercially available narrrow-band rea) time analyser can resolve a frequency
band range into 8512 points. Thus, if the frequency band of interest was 0 Hz to 1600 Hs, the ana-
lysis bandwidth Delta f (i.e. the resolution) is 1600/512 « 3.1285 Hs. If the frequency band of in-
terest was 13300 Hs, the resolution is 25 Hs, If a high resolution is required the frequency band
range . must h- vrowed. There are other commercially available analysers with different resocl-
Vtic . such . . - pointa or 400 points.

The analysis time, i.,0. the time within which the complete narrow-band spectrum can be evaluated,
depends on the sampling rate. For a frequency band of 1600 Hs and a resolution of 512 data
points, each data point can be detected within 158.25 usec. The entire spectrum would thes require
$13 = 188.35 use: : ~. about 80 ®illiseconds. . For a frequenoy band of 3300 Hs (with the corre-
speading. analysis ‘width of €.25 Hx) the sampling rate would be T8.185 ussc;. hance the entire
onesipum would .- vallable after ahout 40 millissconds. m;.. in -this case.the produci of sample
Aime.and froquency band. rangs ix ceastant and. squala 27 = 1. . 3ig, 4,18 shews the sample
duration and-the frequepey reselution as fumcpion. of the frequency. band..... .. . e
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» In order to increase the statistical
- confidence it is Detter to analyse
. the transient signal on the basis of
seversl successive samples. Whather
E this is feasible depends on the cha-
! racteristics of the signal time hi-
, » el story, in particular on its slope

with time. If the signal changes
very rapidly, then only few analy-
sis samples, e.g. ¢ can be made,
leading to 4 x 80 ma =~ 240 ms, or

'~ WO 3 S0 WO .nu [re roughly a 1/4 second of analysis

time during which the noise level

Upper Frequency Limit of Frequency Bord Ronge " may change by one or two dBs.

Taking more samples to increase the

Fig. ¢.18 :::;:::e;.m:ﬁlg ot.tl: ;P}: Jn ;:':. statistical confidence would danger-

. - quency band range ously lengthen the analysis time.

Thus, when analysing a transient
(flyover) noise signal from one measuring microphone only, the combination of frequency band and
\ statistical confidence must be carefully selected. Ewmployment of several longitudinally spaced
microphones will again help in analysing a transient signal as previously discussed in ¢.3.2lc).

aration of the ller and Engine Contribution based uen tra

: Fig. 4.18 shows flyover narrow-band spectra, taken at 3 second intervals from an ultralight air-
craft (see |34/); both propeller noise and piston-engine exheaust noise contridute to the signal. The
frequency band range was 0 to 16000 Hz, with a corresponding analysis bandwidth of 3.138 Hx. The
propeller rotational blade fundamental was known, as was the engine firing fundamental frequency.
The gear ratio was sucl. that these frequencies were not related. Thus it was possible to differenti-
ate between propeller and engine-contribution in an unequivocal manner. Similar spectra had been
obtained over the entire time span of the flyover. The contributions of each harmonic of the propel-
ler were added to obtain the overall propeller-noise level, and thoss of the engine to obtain the
overall engine-noise level. The time histories of both (A-weighted) propeller and engine noise levels
are shown in Fig. 4.17. The sum of these two is also shown, together with the originally measured
signal. The latter ia clearly higher than the sum of the propeller and the engine harmonic (!) con-
tributions. The difference must be attributed to broadband-noise sources from the propeller and the
airframe.

. A propeller or a turbine emits noise not just as a consequence of blade thickness or blade loading,
i but aleo because it sheds varticity, which emits sound as it is convected downstream in the wake
i flow. The fact that the wake flow is alec noisy implies that the oversll 'noise source’ would be
downstream of the propeller. When speaking of 'location' of a source of sound some care should be
exercised. Given a sound field, there are many possible source distributions which could generate
it. Among these 'equivalent' model sources, the identification of the real source of sound may not
be an easy task, unless there is some ‘'a priori’ knowledge of the sound gensration mechanism. In
the latter case we ocould, for exswple, distinguish the nolse radiated by the propeller from the
noiss emitted by vorticity in the wake; the lstter should have a continuum spectrum, since & range
of flow velocities and Doppler chifts are possible in the wake flow. This example illustrates, how a
narrow-band anslysis of transisnt flyover neise of propeller-driven asroplanes can be used to study
noise contributions from different scurces on an aircraft, i.e. propslier harmenic, engine harmonic,
and aircraft breadband scurces. It should be emphasised that the data shown in the previous
figures were all cbtained by wwans of inverted microphones above a ground board, the arrangement
as shown in Fig, 3.4Tb. The analysis would have besn much more complicated, if the customary
microphone position 1.2 m (= 4 fem) above ground had been used. This preblem is the subject of
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Fig. 4.16 Flyover noise narrowband spectra with propeller (o) and engine (o) contribution
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(o) Micrephens Qround Reflsction Fffeots

The generel preblem of interference between directly incident and
redinted from an aircraft in flight ie illustrated in
adiireased this problem. The following discuseton ts

(a)

()

"'D:ﬁ)‘""]

Ar=2hsin®

-04

l~-10ms

12m

m' “‘.

F-10ms

(s) Schamatic' wu of ground reflection

® :z:a*.,'"‘"-

some distance

duut (D) and the ground
lmca & microphone posaitioned

ground-refiected sound waves as

Hg. 4:10. Numerous papers 38 - 39| have
largely based on 140].

If direct and reflected sinuscidal
Pfessure waves with path length
difference Ar and wavslength
A interfere, the acoustic pres-
sures at ths wicrophone show
frequency-dependent  differences
from those of the directly inei-
dent wave. Pressure doubling -
corresponding to an increase of
€ dB - will occur, when the ra-
tio At/ A assumes values of
1, 8, 3, etc.; alternatively, a
pressure cancellation - corre-
sponding to a decrease by
=00 dB -~ will occur when the
ratio T : Ar/ A assumes values
of 1, 8, 5, etc. The periodicity
of this interference depends on
(i) the microphone height above
ground, (ii) the ambient tempe-
rature, and (iti) the sound in-
cident-angle.

An increass in the microphone
height would thus reduce the
frequency  difference between
these various maxima and mini-
ma, and vice versa.

Another important parameter that
affects the shape of the inter-
ference function is the analysis
bandwidth. The interference
shown in Fig. 4.19 corresponds
to a frequency analysis with an
infinitely narrow bandwidth. In-
creasing this bandwidth results
in a "slurring" of the maxima
and minima. The upper-bound is
& frequency-independent level
increass of 3 dB  (provided that
the integration was extended
over the entire frequency-regime
with a white nolse source). If
the noise signature contains pro-
nounced tonal components, as in
the case of propelier aircraft,
the messured nolse spectrum is
strongly affected by the relation

i A s .t il
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Fig. 4.19 Normalized repressntation of inter-
ference function referenced to free-
field condition (from Ref. 40)
- High- Broad-band Noise Correction

of the pericdicities of the propelier retational
harmonica and the interference function.

Fig. 4.230 illustrates two examples of ground-
reflection distortions in the propeller flyover
noise spectra obtained from wmicrophones 1.2 m
above a (grassy) ground. Coincidence of the
ground-reflection amplification [requencies in the
interference pattern and the harmonic frequencies,
as shown in Fig. 4.20a, represents a rare and
rather coimcidental case. The more frequent and
typical situation appears in Fig. 4.20b, where
seemingly erratic level changes of the first few
rotational harmonica may be observed.

Attempting to correct such a measured spertrum to compensate for ground reflections raises one
major problem: When comparing the shape of the ground reflection interference - as calculated on

the basis of geometric acoustics - with

Sound Pressuse Lovsl [,

8 8 &6 85 8 38x

P
o

culated interference caused) level-diffe-

level-dips - caused by reflection effects
- on the other hand amount only up to
15 dB at high frequencies. In this case
the prevailing noise floor would "“fill"
the level dips. Reflection corrections on
a purely theoretical basis would thus
necessarily lead to erronsous resuits,
unless a proper interference integral
calculation is performed; the latter takes

into account phase differences and can-
cellation or reinforcement effects between
ssveral wave components, and involves a

p
3 & 65§ 8 8 388

calculation less straight forward than a
simple superposition of direct and re-
flected waves.

Thus, a signal-to-noise ratio of 10 dB(A)
- as required for the ANNEX-18 certifica-
tion - does not suffice for a theoretical
reflection correction. Worse atill, it is
next to impossible to even realize the
nacessary narrowband  signal-to-noise
ratio in excess of 3 dB. In conse-

L
3p ol a

8

Mg, ¢.30 (a) Example of coincidence of ground
reflection-caused .npuﬂcauon and
attenuation pattern and propeller
huullc (nquouelu from fyover level difference in

(b) lunlo of olt-m amplifica-
tion/attenuation pattern with

respect to harmonic spectrum from
ﬂ‘w-' meagsurements (from Ref.
48 o

quence, one can not expect that a cor-
rection of the high [requency (quasi
broadbard) propeller noise component
will lead to the commonly adopted -3 dB
reference (o the
ground located microphone, but rather to
some lesser value, such as -1 or -2 dB,
depending on the nc\ull signal-to~noise
situation.

the measured spectrum, one obtains (cal-

rences of more than 25 dB; measured

1
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- Lew-frequeney Tensl Correcticn

In correcting (hoess particular lew frequency rotational nolee cempsnants, which significantly ocon-
tribute to the maximum A-weighted flyever noise lavel, one should be aware of the extrems level
gradieats within this interfersnce function as apparent in Fig. ¢.31.

The significance of these steep gradients on the accuracy of a possible subsequent reflection
correction ig twofold:

o The sttenuation of a "destructive interference" very close tc a rotational harmonic is influ-
;ﬁc'd by bo:: the spectral width of the particular harmonic and the characteristics of the
ter network.

o Flyover noise measurements employing microphones with nominal heights of 1.2 m show the
acoustically effective microphone heights to differ significantly. Even if the flyover-angle
where (he maximum A-weighted levzl occurs had been accurately determined, acoustically
effective microphone heights between 1,15 m and 1.30 m were calculated based on the
destructive reflection-interference frequencies. Not in every case do the interference patterns
in narrowband flyover-noiss spectra show up as clearly as in Fig. 4¢.20a. The relevant
interference patiern for a subsequent reflection correction cannot normally be recalculated.
Sven a small deviation in microphone-height or in flyover-angle may thus result in large
level ‘dm‘ouncn in the vicinity of the destructive interference frequencies as obvious from
Fig. 4.20b.

4.4 Flight Noise Testing of Helicopters

of all flight vehicles, the helicopter has probably the most complex aercacoustic source mechanisma.
Both the main rotor and the tail rotor act as individual noise sources, but they also interact aero-
dynamically, giving rise to additional source mechanisms. To study these sources - impulsive type
sources in psrticular - in detail, similar techniques are used as in the study of propeller-aircraft
nolse. For nearfisld in-flight noise studies, microphones can be attached to the halicopter so that
the receiver pesitions are well defined. Alternatively, the formation-flight terhnique is used, where
the ﬂwmﬂ.ming aircraft fliess paraliel tc and at some distance from the test helicopter,
allowing (.q(iold noise studiss under realistic conditions. Thirdly, conventional f{lyover measure-
ments are gonducted, where the sound radisted by a helicopter in flyover is measured on the
ground. The advantages and disadvantages of thess flight noise measurement techniques have been
discussed previcualy. Ia the following, s few examples of the first two techniques are presented.

(An excellent survay on the atats of the art of helicopter noise research - including flight testing
- appears in l41]),
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In & joint US-Army/Bell-Helicopter-Textren ressarch program on helicopter roler aerodynamice and
sercacoustics 48], an AN-1G test hellcopter was equipped with ssveral "nose-come pretected™ con-
donsor microphones
(Fig: ¢.18). They were
located on a boom, on
the left and right
wings and aft on the
ends of the selevator.
since the flow in the
vicinity of 2 helicop-
ter rotor is highly
unsteady and frequent-
1y changes direction a
swiveling support was
used for the micro-
phones. They could
then find their own
‘minimum drag align-
ment' to reduce the
asrodynamically in-
duced microphone aelf-
noise.

Fig. 4.32 Helicopter mounted swivelling microphones for near
field noise studies (Bell-Helicopter/Textron Test)

Such microphones inherently measure noiss at cone point. No survey to investigate a directivity
pattern is possible. Also, the microphones are rather close to the source, certainly in areas weare
near-fleld and far-field conditions intermingle. This makes interpretation difficult. A typical
example of data is shown in Fig. 4.2). Pressure time histories (PTHs) are shown for one main rotor
revolution under a condition of blade/vortex-interaction (BV1) impulsive nolse (“"blade slap")
measured by the right-wiug microphone and at the nose boom microphone. The pronounced BVi-im-
pulaes are evident, The more sinusoidal underlying signal ia probably a near-field effect due to
the passage of each rotor blade. An advantage of this technique is the relatively larger diatance
of the boom microphone from the tail rotor, thus minimizing disturbing effects of the tail rotor on
the main rotor acoustic signals. Since the signal, though very unsteady, is not of the transient
type, data can be averaged to iicrease statistical confidence.

8 (RIGHT WING MICROPHONE) 5 (NOSE BOOM MICROPHONE)
5 -
; 18 s
. |
£ ¢ R
e -
. i
" L a4y oy
{e} MEASURED WAVEFORM {a) MEASURED WAVEFORM

fig. .13 Main volor pressure time history measured through helicopter nacelle mounted microphones
(from Nef. 43)
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The:-US Army’ has -over mény yeurs perfected the technique of | measuminff ‘tarfluld helicopter noise in
thetaly Geing o quier: meaniring atrcraft which flies in formation with the test-helicopter |43,
Fig, 4.24 shows such.a.paliy of aircraft in flight. The égonul}tng sirerafi (a YO-3A) is a propeller-
driven reconnaissance aeroplane designed Yor very quiet opermtion: Tt wis wquipped “wWith ,Jid'non—
cone siitreplions on its tatl fin, i.e. as hr as poulbip’ away’ from the noise pmduclnj propdl!g;-. .

Fitedy AE Lnasea i

Fig. 4.24 ' Formation flight measuring technique for helicopter in-flight noise research (US-Army}

Clearly, the measuring aircraft can again be positioned at any "fixed location" with respect to the

test-helicopter. In the case at hand the two kinds of impulsive phenomena, namely 'blade/ vortex-

: interaction (BVI) impulsive noise', and 'high-

speed (HS) impulsive noise' were to be investi-

A gated [#4|. BVI noise predominantly radistes in

‘n-"v — a forward, downward direction. HS noise radi-

ates forward and in the rotor plane. Hence,

most test flights were conducted with the YO-3A

in front of the helicopter, either in the plane

of the main rotor or about 30 to' 45 degress
down.,

Station kesping is tricky and requires excellent
piloting by both pilots. Good results are ob-
i tained when .optica’ markings on the cockpit
window are visually aligned with certain struc-

tural components of the measuring aircraft. A
,.l“ movie camera or video camera, or even a still-
picture camera with fast exposure sequence,
can be used to monitor the measuring aircraft
position ahead. All picture or mavie taking
must be .synchronised with the acoustic data

Fig. 4.25 Microphone on companion aero-
) plane sensing both main rotor
blade-/vortex-interaction and ..

tail-rotor acoustic signal
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ing nrcuh by means of a
redio-link, as had been dis=

. .oussed . in Section 3.8.3 of this
AGARDograph,.

The microphone on the measur-
ing aircraft senses the entire

" onto’ mlin rotor stgnal

mm uuA' 7 ‘ 

3 85 &

A
FULL-SCALE AVERAGE (84)

B pjim.jon of tafd rom eon-
““tributions: by tﬂm-loekm;

"'““_‘uluo any retor o
7 notse. A uptcal aoumlc pru-

copter- ia lho\vﬂ in’ m.
The comporients of the ‘sound
can be readily identified.

The data redugtion technique can be taylored

-towards the psrifcular acoustic phmomnon to be
v lnvuu.nod |48]. For example, if & main-rotor

related signal is studied in the presence of a
disturbing tail-rotor signature, one can trigger
on & pronounced main-rotor-related {feature in
the PTH such as the strongest BVi-peak. Then
sll non-BVI-related contributions: are effectively
suppressed, as shown in Fig. 4.38. Likewise, by
locking onto an appropriate tail-rotor PTH-
feature it would be possible to effectively
suppress all main rotor related acoustic
phenomena, if tail rotor acoustics is to be
investigated.

Since the distance between the 2 aircraft and
their relative positions cannot be accurately
maintained it is unavoidable that the signal
characteristics change slightly in the course of
time, If the pilots are good the average genera:
features should remain approximately unchanged.
Here again, as the signal is not transient, it
will be possible to average over many rotor
revolutions (e.g. 64) to amooth the resulting
signal and gain statistical confidence. A com-
parison of time histories shows the respec-
tively highest and lowest peak amplitudes during
one main rotor revolution, together with a 64-
times averaged PTH. Fig. 4.27 shows the bene-
ficial effect af that procedurs. '

Fig. 4.37

Comparison of two unaveraged and one (64-times)
averaged sound pressure time histories for a
time span of one rotor revolution

- recorded sn: hoard the measur-.

" mcountic: lttnnnn u she hnh-;

".lun tiime htahry ‘of a h‘ll-_
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Most asrcacoustic wind tunnals are too small to test fuil scale jet engines for roiss. under realistic
lov speed inflow conditions. Apart i‘éon‘,.tho need to dispense with the exhaust gases from such un
engine, which cannot be introduced into the tunnel {low clrcli:u,_',; the “éxcessiva heat of a realistic
jot exhaust is difficult to diasipate, lest a substantial hont‘ng'lbf the tunnel flow was accepted.
On:the. other -hand: there is a need to. extrapolate : static engine noise data {o.flight .noise data .as
hadi-been . mentioned :in -Section 4.8.2 :above . in order to. derive, for example, flyover noiae .data or
more; specifically :noise certification data:for jet-propelled aeroplanes;. Again, model tests might be
indicated in such cases. If the interest wms specifically in the jet as such as the noise generator,
appropriate experiments can be oonducted in to-days aeroacoustic wind tunnels.

One such typical example will be described following 48], where also a special testing technique
had been introduced. The test concerned the evaluation of flight effects on jet noise sources. The
investigation was conducted jointly by the Boeing Commercial Airplane Co. and DLR in the DNW.
Specifically the effect of a surrounding fairly low-speed flow - as in take off or landing - on the
"stretching”" and "downstream displacement” of the actual noise sources of a hot circular turbulent
free-jet was to be studied. In this context it should be recalled that the length of the
sound-generating volume of a jet increases if the jet exhausts into a parallel flow. Here, the
specific test objective waa to determine the difference between the noise source distribution in jets
with and without a. co-flowing stream, employing a strictly acoustic and non-penetrating measure-
ment. technique. This :lead to the use of a highly directional microphone system, the 'acoustic
mirror microphone" aystem.

4.85.1 Test Set-up

(a) Model Jet

The test set-up in the open test sectiorn of the
DNW (Fig. 4.28) consisted of a hydrogen peroxide
hot gas generator (developed by NLR) enabling
the production of a high speed and hot (830 K)
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jot of 8 cm dimmoter, emanating-into the::surrounding environment; in the absence of tunnel flow
this environment was the snechoic test hall, in case of tunnel flow this environment was the sur-
rounding tunnel flow, Nostle prcuuro ratios could be selected such that jn speeds from 320 to 3500
r»'n wers attsined. - , .

(b) mem

The lxinl dllttlbut’on of the sources along the model jet were determined with the highly directio-
nal accustic mirtor microphone also described elsewhere {47, 48, 49|, The particular microphone-
system. as-described in Refs.. 48 and 49 consists of a 1.6 m diameter concave elliptic mirror, where
one - (sometimes several) microphone(s) is. (are) mounted in the near focus of the mirror. The mirror
thus: focuses the scund waves smanating from a volume -element looated in the far focus upon the
image point of the source in front of the mirror (i.e. the near focus). By traversing the mirror
microphone as a whole parallel and alongside the model jet axis one may follow the distribution of
a source in any selected frequency band.

4.8.2 Data Acquisition and Shear Layer Effect Calibration

The acoustic mirror assembly must be positioned outside the free tunnel flow. In this test set-up,
the mirror was 6 m away from the tunnel flow centerline thus clearing the free flow shear layer.
Sound from the source to the receiving microphone passes through the shear layer, where it is
refracted and scattered. This in itself
causes an apparent downshift of the sound
sources and also a reduction in gain and
spectral resolution depending on the ratio
of the acoustic wavelength and the turbu-
lence scale of the shear layer.

In the subject study it was therefore felt
necessary to calibrate the shear layer ef-
fou {khHz] fects before data could be correctly inter-
! preted. For this purpose a very small
loudspeaker was used as a point source at
the location where the jet source was to be
positioned lateron. The loudspeaker was
fed with broadband sound, filtered in
octave bands from 1.0 to 31.5 kHz, thus
providing information on the effect of the
shear layer upon sources of such frequen-
) cies. The apparent downstream shift of
Fig. 4.20 Downstraem shift of loudspeaker- sound source position as function of tunnel
generated tone source location in
'y hgg model jet ([m ‘Ref. 48) flow velocity is shown in Fig. 4.28.

axg

4.5.3 Teit Results

When ﬂ\o 'modd} jot s in opoutlon nbirin; the mirror assembly alongside and parallel produces a
"lqtcnl" dmﬂbuﬁm of sound pudluu level with a very proacunced peak interpreted as the
“spuboh" .of sound for the selected. frequency band. In Fig. 4.30 the case of no_tunnel flow is
shoawn, . lltn. M.l ot v.loc“y 1s 800 m/e, jet temperature is 830 Kelvin and the octave band is 16

kHy he lovll "pnk appears Qo. ‘noasle~digmeters downstream of the nozzle exit. Introduction of

tunnel flow then shifts the sources "downstream, as shown in Fig. 4.31, Here the conditions of zero-
and of 80-m/s-tunnel flow speed are compared for a model jet velocity of 450 m/s. Clearly, a sub-
stantial downstream shift: of the sources occurs.
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Such experimental findings are important in attempting to predict flyover jet noise from static data.
The oxpoﬂnﬂi demonstrates clearly that location and identification of sources of sound in a jei is
very much’ AM by the flow properties.

siin, dodleghii,-u‘d.‘ pﬁM_rolldd model jet noise tests in acoustic wind tunnels can significantly
further the iinderstanding of airoraft jet engine noise characteristics in flight.

4.6 Propeller Neise Tesiing in Vind Tunmsle

Although Tiight testing provides the most realistic environment for noise-tests of a propeller , it is
difticult to isolate the propeller contribution, as had been emphasised before. In basic propeller
noise ressarch it is often advantageous to first study the isolated and uninstalled propeller before
desling with the effects of integration and installation. For such studies, wind tunnel tests are
ideal where a propellsr can be operated without an “attached aircraft".
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* The German’Dutoh: Wind Tunhel (DNW) was used in a jeint DLR/FAA research project on the noise of
. tull-wonle m Aviuun propeliers - {80]. The test program was initiated to clarify certain

—-w hr e dlnlmln& of the new ANNEX 18/Chapter 10 noise certification procedure. It dealt
‘with W' #ffect of aibisnt tewperature (& helical blade tip Mach-number) and of the attitude of the
'pnpullol' rolationat phno {inflow angly of attack) on noiss. This angle changes during climb and
dnuut.ltndmthon‘ulu. pmdummdtnhpodhoomet noise levels from test tempe-
rature tc reference unporatun. and for oblique inflow into the propeller plane of rotation. Data
acquisition and analysis of thia test are described in the following.

01 Epertamtal te-wp
(a) Test Stand Spec ifics

In the uxperimental set-up, the (full-scale !) 2 m diametsr 2-blade propellers were driven by a
360 kW electric motor in an asrodynamically shaped housing, supported on a pylon structure
(Fig. 4.33). Approximately half-way b_otiroon the 6x8 m’ nossle and the 9.5x9.5 m® collector (sepa-
rated by approximately 30 m) the propeller could radiate sound into the anechoically treated test
hall while still being completely surrounded by the clean tunnel-core-flow. The pylon could be
turned such that the propeller rotational plane assumed angles of +/- 15° with respect to the
oncoming flow. Ambient temperature could be varied by starting the test series (in winter) at low
ambient unpontur« {about . 8 ‘C). and thon Mttng ‘the tunnel heat m.u up to flow-temperatures
lrouﬁd £ R T :
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The special arrangement of the inflow
microphones should be noted
(Fig. 4.33). $ix microphones were
"positioned to one side of the pro-
peller within the tunnel-core-flow.
They were placed along a helical
line in the downstream dirsction, so
that the asrodynamic wake of an up-
stream microphone could not impinge
on a subsequent microphone.

When conducting aeroacoustic wind
tunnel testa on a pylon-mounted noise
generator, it is important to check
possible  adverse reflections of the
support suriace structure. Bung tests
are executed by mounting small ex-
plosive charges at the likely loca-
tions of acoustic sources. In the case )
of a propeller these are the biade :
tips. When the charges explode the :
microphones receive a direct signal

and one, or several, reflected by

nearby surfaces. Fig. 4.34 shows a

Fig. 4.33 Front view of inflow microphone

1 arrangement in the DNW typical bang-test resuit. On account
i of the time span between the explo-
g ’ sion and the arrival of the reflected x
. signal the location of any critical

surface can be identified. Such sur-
faces must then be treated anechoi-
cally.

|
|
¥

In-flow
Microphone

(b) Data Reduction Technique

. . 3 In reducing the data, averaging is
of paramount importance, as shown in

MP 9 Fig. 4.35. The unaveraged pressure
time history (PTH) of the propeller
signal, as measured at one of the
side-line microphones, clearly shows
the passage of substentially different
sequential wave-forms caused by the i
. bladea. Some 50 of these instantane- 3
e T N TS ———— ous PTHs were individually analysed ':
TIME —————t in narrow bands and the apectra
subsequently averaged. The final

Fig. 4.3¢ Bang-test results for inflow microphone spectrum - shown in Fig. 4.36a -
reflection check after exploding charge exhibits a rather high noise floor.

(=)
]
|
|
|

By averaging, however, the PTls first one obtains & much smoother PTH. Now, the subssquent
narrow-band analysis shows a significantly reduced noise floor (Fig. 4.35b). In this spectrum many
more harmonics can be sesn. Since the problem was studied in the ocontext of naise certification
pertaining to overall A-weighted noise levels, it was important to have a sufficient number of har-
monics in the frequency range around 1000 Hsz available to determine an ovonll A-vouhud noise
level. Henoe the second analysis-procedure is to be preferred.
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Fig. 4.35 Comparison of unaveraged and averaged propeller noise time histories with ensuing
narrowband spectra

il '’ ! ' ¥ 4.6.2 Experimental Reeults -
w — Temperature Effect
10—~ o 2
" 2

The tests showed that the overall
A-weighted noise levels in the plane
of rotation was, to a good approxi-
mation, proportional to the 1.S5th

8
T

power of the engine power. Another -
more influential - parameter is the
helical blade tip Mach number, no
matter how the three basic factors
‘flow speed', 'rotational speed', and
‘temperature' are combined. Fig. 4.36
shows that all data points from the
above tests could be normaliged on
that basis |51}, Different temperatures
were entirely accounted for by the
helical blade tip Mach-number. It
should be recalled, however, that for
correction purposes, it is tho helical
Mach-number slopes (rather than the

OASPL+ alg - 15 LOG(10-Cp)

g
1

/
%0 €7 { A ‘#J
w8 Helical .&:d. Tip Mach :“m My absolute levels) that are important.

Fig. 4.88 - A-weiynhted overa!l rotational noise levels va.
- helical blade tip Mach number as measured in  Thg tests indicated that under the
the plane of rotation and referenced to a
" agurce/receiver distance of one propeller operational conditions of noise certi-

diameter (from Ref. 51) fication, & change in temperature will
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produce the same effect as a change in flight and/or prepsller rotational speed. It can thus be
concluded that the in-the-Tield determination of the "Mach-number"-dependence (swe Fig, 3.49) is »
feasitile mmdhz It yuu- a better "temperature-correction" mthodology than uny “constant Mach
number. ratis ‘to m _power'-approach would offer, provided that the acoustic signal waa entirely
causd by the Wlln [ 3 meh. Any engine contribution over and above the actual propsller noise
would necessarily Invalldnu lueh a relationship.

4.6.3 Experimental Resuits - Propeller Rotation-plane Attitude Effect

Acoustic data were also taken for different rotational plane attitude angles within a range of
+/~1.5 deg. Other parameters varied were blade pitch angle, wind-speed and propeller rotational
speed.

Comparing noise levels, as measured at different propeller plane attitude angles with those for a
sero attitude (referenced to a fixed observer position and accounting for the angular radiation
directivity) shows them to increass for positive values, and to decrease for negative values, of the
attitude angle.

U

U
Microphone

Fig. 4.37 Effect of inflow angle of attack into a propeller plane (from Ref. 52)

For a given micraphone position, the predominant “noise source" is the propelier-blade advancing
towards that microphone. It becomes obvious now that positive attitude angles result in an in-
crease, negative attitude angles in a decrease of the effective blade pitch angle, as well as in
helical blade-tip Mach-number. Referenced to the sero-attitude situation, the ensuing deviations in
local blade angle-of-attack and Mach-number can be expressed as function of attitude angle and
advance ratio for the particular {nstant in time when the propeller blade axis ia arientated perpen-
dicular to a connecting line between the propellier hub and the microphona. Fig. ¢.37 illustrates the
goonetrieas of the problem.

Noise levels as messured at different attitude anglea can now readily be plotted versus a "oorrected
Meach-number" {Figa. 4.38). All data pointe now fit one curve very well |53.
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4.7 Botor Noise Testing in Wind Tunnels

Similar considerations as those in the previous section on wind tunnel noise testing of aircraft pro-
pellers apply to the testing of helicopter rotors in aercacoustic wind tunnels. The flow field around
s helicopter rotor is, however, much more complex due to the highly asymmetric inflow conditions of
& rotor blade. This applies to both the main and the tail retor.

As stated earlier, for -aeroacoustic testing an cpen wind tunuel should be used and it should be
verified that reflection of sound from any nearby surfaces is not significant, since situations may
arise in which the reflected sound could predominate over the direc. sound. Because of the highly
unsymmetrical acoustic field around a helicopter rotor it is generally advantageous to employ many
more microphones than would be required in a typical propeller noise test. Preferably, one or more
continuously movable microphone array(s) should be employed.

Testing in an aeroacoustic tunnel allows the study of an isolated main rotor, of an {solated tail
rotor, or & combination of these two to represent a realistic main-/tail-rotor assembly. Isolated
main rotor tests can be justified because main rotor inflow is essentially unaffected by the presence
of a tail rotor {at least in forward flight). This is not the casa for the tail rotor. A tail rotor in
the majority of cases operates in the aerodynamic wake of the main rotor; hence the study of iso-
lated tail rotors would only be justified for hover conditions or, perhaps, for ascending {climbing)
flight, where the main rotor wake ia swept back some distance under the tail rotor. Specific prob-
lems thus require apecific experimental arrangements.

(An excellent survey on the state of the art of helicapter noise research - tncluding aspects of
wind tunnel testing - appears in |41], ms mentioned before) .

4.1 lucluted Main Rotor Noise Tests

In a joint US-Army/DLR wmain rotor noisse study in the German Duich Windtunnel 1583, 84|, the impu'-
sive noiss phenomena of an isclated 1/7-scale model of a main rotor were investigated. These tests
served two purposes: first, the basic source mechaniama were studied and, second, the scaling of
wind tunnel model tests aver the relatively large range of & factor of 7 to full-scale ‘was checked.
In fact, the flight tests described It Section ¢.4 shove Provided the basis for comparison:
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. In the test eet-up (shown in
Hg 439), & very stable support
" structure was used and the rotor was
further supported by a tubular pylon.
Extensive bang-tests and subssquent
oovoring of all critical surfaces with
wund  abserbtive material assured
winimum reflections from these sur-
faces.  Jince only impulsive noise
Phenomena (high speed impulsive nolse
and blade/vartex-interaction impulsive
noise  asource characteristics) were
studied, the presence of the support
Mructure directly under the rotor was
nol teo detrimental; acoustic radiation i
of impulsive noise occurs essentially
in & forward (upstream) direction.
Three of the measuring microphones
were mounted slightly bslow the rotor
plane (to avoid wake impingement)
and ¢ additional ones in a forward-
downward locations. The test results
of this experiment have been widely
published le.g. 35, 36, 57|.

Fig. 4.3 Modol main roter § with
¢ pylon support (Mm test)

In the context of this AGARDograph it
is of interest to discuss acoustic
scaling. It was found that - if the
Machnumber of the advancing blade
was identical in the wodel and the
full-scale ‘test then full-gcale and
wodel-scale pressurs time histories for
the high-spesd impylsive soise condi-
tion showed exoelisnt agresment both
in terms ot wave -tusu and amplitude

(Fig. 4.40

Scaling worked less well for the case
of  blade/vertex-interaction . impulsive
Boise (Rig, 4.41). Thase phencmena
are understandibly much more sensi-
tive to geomdtrical and operational
diff ences between full socals and
model, The exact passage of a vortex-
trail with respect to a rotsting blade
is significant for the occurrence “snd
the wrengih. of &4 impulsive péak.
The Reymlde-number in particular may
have a dycisive effect on the location
of suoch vortex-trails. Also, BVi-noise
is oot only a function of the advanc-
ing blade tip Mach number, bdut alse
Fig. 4.40 Cwmun of np'mu inpln\o re-time of the inclination of the tip-path
histories for one b &:" plane with respect to the oncoming

tunnel model tests .nd ll-lul fNight um !
(from Ref. 3¢ and 58). o Mg flow (i.e. the rate of deecent or

!




§ 8

Fig. 4.41 BVI-impulsive noise pressure wuwfa‘ mﬂm (ol‘ -odot uld full-scale at (=) low
s and {b) high sdvance ratics

To overcome such soaling problems larger models can be empleyed such as the one shown in
Fig, ¢.43, representing a 40%-scaled model of a BO 106 helicopter rotor in the DNW open test sec-
tion. This teat program was a joint venture of NASA and DLR |38, 59|. Though model size does help
reduce scaling problems, the inherent disadvantage of large-size models is that the acoustic near
tield extends . further.out,




T o o oo

1

T iR 40 D Bime kI roter dfstem se 0 Previvus figure squipped With compatible tatl rotor

. . i L e

Thus the essuring .micrephones must be further Away from ihe wodel if farfisld messurements are
required. Even ia this. Jarge tuanel, the DNV, measurements cutside the flow potential core would
then bS #soiaty se that the acoustic sigasls will have 1 Pass through the free shear layer. The
set-up shown in Fig. 4.42 has, however, a distinet advantage over that of Fig. 4.39: the very
rotor is now supported by means of a tail-sting allowing entirely undisturbed measurements directly
under the rotor, an srea which is of prime interest in simulating a flyover situation. Also a micro-
phone-carrying "wing-structure” that could be moved in a continuous manner under the rotor allow-
od data to be acquired over a very large area under the rotor.

A particularly intereating result from this test is shown in Fig. 4.43, where the sound field under
the rotor is presented in terms of contours of equal peak-to-peak BVi-time history maxima |60|.
Changing the rotor tip path plane and the rotor advance ratio shows the respective BVI-maximum to
«ssume different locations and strenghtr, depending on the particular combination of tip path plane
and advance ratio, for otherviss uncha ged parameters.

4.1.2 Main-/Tall-Beter Isterpetion Neise Tests

The test set-up shown in Fig. 4.43 was complemented (within a DLR ressarch Program) by adding a
tail rotor of the same scale. Both rotors are driven Independently and the position of the tail rotor
with respect to the main rotor can be varied 3-dimensionally. The entire sat-up as atiached to the
tail-sting could also be inclined with respect to the mean flow direction. Thus, climbing, lavel,
and descending flight can also be simulated.

!
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Fig. ¢.47 Blade vortex interaction contour plots under main retor system as shown in Fig. 4.42 a
{from Ref. 60)
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Fig. 4.44

Ac ustic pressure time histories
under main-rotor/tail-rotor

143

In analysing data it is possible to empha-
size the acoustic signal of either the main
rotor or of the tail rotor individually. Thus
one can study the noise of each rotor by it-
self although the other vrotor is operational.
For example, with both rotors turning, the
individual contribution to the total acoustic
signal of the tail rotor (operating in the
aerodynamic wake of the main rotor) may be
"extracted".

Fig. 4.45 shows an example of this tech-
nique. The signature of the main rotor is
largely suppressed by triggering the pres-
sure time histories on some appropriate
distinct tail-rotor-related time history fea-
ture (such as a pronounced peak). In this
particular test set-up, however, the main
and tail rotors were not mechanically con-
nected /as is the case on a real helicop-
ter). There was, therefore, no need to use
the pressure time history for triggering.
Rather could tne tail rotor RPM be used
directly for triggering.

In contrast, the small variations in the
distance between the test and the measuring
aircraft and minor variations in rotational
speeds in the analysis of actual flight test
duta, as described in Section 4.4, required

a distinct acoustic signal-feature of the main rotor for triggering to extract the main rotor
pressure time history from the "tail rotor contaminated" total signal.

;
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. tail rotor contribution only
of, -
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Fig. 4.45 Extraction of tail-rotor noise contribution only
from a main-rotor/tail-retor model experiment

SINGLE TIME HISTORY MR/TR 3
combined main-/tail rotor

1.

The helicopter, which has been
chosen as concluding example,
illustrates well the fact that,
even when there are obvious
mechanical noise sources (e.g.
vibration of blades, engine,
gearbox), flow interaction can
be a dominant scund generation
mechanism for certain frequen-
cies and directions. The aspects
more difficult to study are the
sound emitted by vortices as
such as shed by blades, due to
their flapping motion, bearing
in mind that forward velocity
also varies during a rotor re-
volution. The problem becomes
more complicated still for the
tail rotor, when it ia in the
wake of the main rotor, since
‘chopping' of vorticity is
another noise source.
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8. CONCLUDING REMARKS

Aircraft noise certification has been practiced for well over one decade, encouraging the develop-
ment of quieter aircraft and of noise abating flight operations. Much effort by the ICAO-Committee
on Aviation Environmental Protection is currently put into "streemlining” the noise certification
procedures. Simplification might ultimately be reflected in a new version of the ANNEX-168 document
which would then be more readily understandible, still technically sound and would largely avoid
any redundancy (being quite common in the present issue).

In the spirit of "streamlining" it would be desirable, for example, to develop a general noise cer-
tification procedure for all propeller-driven seroplanes, encompassing essentially all types from the
heavy commuter and transport-category aeroplane, to the smaller business- and recreational propel-
ler-plane down to the powered glider and the ultralight-seroplane. Within such a basic scheme cer-
tification complexity would decrease as the weight (cost) of an aircraft goes down. Hence heavy
Aeroplanes could be certificated with procedures 'take-off', 'level-overflight' (representing some
sort of an "on-route noise" check) and 'approach’ employing a fairly elaborate measurement chain
and the "complicated" noise metric EPNL. Medium weight aeroplanes could be certificated through a
'take-off' and a ‘'level-overflight' procedure with the SEL as the noise metric measured through
only one microphone, while light and ultralight aeroplanes would simply have to conduct a level
overflight above one microphone with the LA as the pertinent noise metric. Likewise, it should be
possible to define a common noise-certification procedure for both subsonic and supersonic_jet-air-
craft, although noise-certificating the operational condition of supersonic cruise flight would
probably be a difficult problem. By similar reasoninr one could propose one basic noise certifica-
tion scheme for helicopters that would pertain to both light and heavy ones. For the heavy helicop-
ter one could adhere to the established procedure along the ANNEX Chapter 8, while for the light
one a level overflight only, or a combination of a level overflight and approach test could be spe-
cified with the SEL obtained through one microphone only as the pertinent noise metric, thus con-
siderably cutting cost.

It also seems important to consolidate the measuring-microphone height above ground within aircraft
noise certification procedures. After all, the 1.2-meter height has been demonstrated to yield rather
devastating results for propeller-driven aeroplanes for all noise evaluation metrics LA‘ SEL and
EPNL. Ground reflection effects may not be quite as critical for more broadband-type sounds as
emitted by jet-aircraft. Still, for physical reasons the ground-proximity microphone would certainly
offer less questionable data under most all testing circumstances. Employing ground-proximity
microphones for all noise certification might be good practice.

The current multitude in the ANNEX-16 Appendices, one for each type of aircraft with very redun-
dant information could certainly also be compressed into one Appendix only, providing all the ne-
cessary information for all types of aircraft and procedures in a non-redundant form.

What should be ultimately developed might be termed a "Grand Unified Noise Certification Scheme"
for all aircraft, where all redundancy is strictly eliminated, and where the respective complexitiy
of any noise certification procedure would be in concert with the basic cost of the aircraft concern-
ed. The ICAO-Committee on Aviation Environmental Protection through its Working Groups and Tech-
nical Issues Subgroups is actively pursuing various avenues towards better aircraft noise certifica-
tion Standards. Noise certification is a living process and as technical development proceeds in
terms of both building better aircraft and more sophisticated instrumentation new aspects enter the
philosophy and practice of noise certificating aircraft which need to be accounted for.

The develdpmont of a noise certification procedure for all aircraft with which everybody would be
happy will probably never be realized. If as a consequence of noise certification there is success
in developing technically and’operationally significantly quieter aeroplanes - then every small step
is' worth the effort, such that, hopefully, at some future day aircraft noise would be no nuisance.
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APPENDIX A: CALCULATION OF THE ‘RFFECTIVE PERCEIVED NOISE LEVEL'

The flyover noise signature of an aircraft varies with time, both in intensity and spectral content.
To account for the human subjective response to such a noise event, an appropriate single-number
descriptor, the 'Effective Perceived Noise Level (EPNL)', has heen developed.

To determine the EPNL of a flyover noise event, the data are processed to »ield a succession of 1/3
octave band (1/3-0.b.) spectra in 0.5-second-increments during the time period cf c¢h= entire flyover
(Flow Chart, Fig. A-1). The important acoustic information to be processed is contained in a time
span of 20 to 50 s during which the aircraft noise exceeds the ambient noise by at least 10 dB.
Accordingly, 40 to 100 individual 1/3-0.b.-spectra are to be uvbtained. It should be kept in mind
that within one half second an aircraft flies a distance of several tens of meters, substantially
changing the characteristics of the noise signature as reccived on the ground.

A.1 Perceived Noise Level

Each 1/3-0.b. spectrum consists of 24 individual 1/3-octave-bands. Here band 1 has a center fre-
quency of 50 Hz, band 2 of 63 Hz, band 3 of 80 Hz etc. up to band 24 with a center frequency of
10.000 Hz)*. Each of these band-lsvels is weighted by 'Contours of Perceived Noisiness', accounting
for the pronounced sensitivity in the frequency range from 2000 to 5000 Hz, and the lesser - albeit
absolute level-dependent - sensitivity at lower and higher frequencies within the audible range.
Fig. A-2 shows the 'Perceived Noisiness Contours' of which each is designated with a noy-number.

These contours are then overlaid individually upon each of the (20 to 50) 1/3-0.b.-spectra to obtain
24 weighted band-levels, now termed 'Noy~values'. These Noy-values are called 'Perceived Noisi-
ness'-values, or PN-values for short. Finally, all PN-values are added up, however still with some
further 'weighting' such that the highest PN-value (not necessarily the highest band-level!) counts
85% and the sum of all others, including the highest, counts only 15%, i.e.

24
{A1) N(k) = 0.85 n(k) + 0.15 Y nli,k)
i=1

where N(k) is the 'Total Perceived Noisiness', n(k) is the largest of the 24 PN-values of n(i,k).
Here i is the band-number (1,2,3, ... 24) within the spectrum and k denotes the particular spec-
trum of the flyover,

The 'Total Perceived Noisiness' is then converted back into a 'Perceived Noise Level, PNL' hy
(A2) PNL(k) = 40 + 33.2 log N(k)

Having thus obtained one, and one only, PNL-value for each spectrum, one may now already go
ahead and plot a flyover-history of PNL vs time, unless the original spectra contained pronounced
discrete-frequency, tonal components. In this case each spectrum must first be corrected for
'spectral irregularities' to obtain the 'tone corrected Perceived Noise Level, PNLT', by means of a
tone correction.

* The agreed upon sequence of 1/3-octave band center frequencies is: ... 100 Hz, 125 Hz, 160 He,
200 Hz, 250 Hz, 315 Hz, 400 Hx, 800 Hz, 630 Hz, 800 Hz, 1000 Hsz, 1280 He ..., etc
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. A3 Tone Correction

Tone correction is a rather elaborate process and shall be explained using the Flow Chart shown in
Fig. A-3. First, a listing is made, individually for each spectrum, of the sound-pressure levels Lp

in each ‘successive band, with the exception of the two lowest bands, 50 Hz and 63 Hr (Column A).
The listing thus starts with band 3 (i.e. 80 Hez).

Let uc consider the first six bands 3 to 8, corresponding to frequencies 80, 100, 125, 160, 200 and
200 He. The difference in sound pressure level from one band to the next (positive or negative) is
listed in Column B, These differences are termed 'slopes'. Column C then lists the absolute changes
in slopes. Now, if any value in Column C is greater than 5, then back in Column B the value one
half notch down will be encircled, i.e. in the example the values -7 and +4, since both 8 and 11
are larger than 8 in Column C.

Next, one of two criteria are applied:

(1) if in C‘alumn B the encircled value is positive and greater than the value directly above it,
then in Column A the value one half notch down will be encircled; in our example +4 is both
positive and greater than -7, therefore 80 is encircled.

(2) if in Column B the encircled value is zero or negative, and the previous value is positive,
then in Column A the value one half notch up is encircled. In our example -7 is negative and
the previous value +1 is positive; therefore 83 is encircled.

Next the sound pressure levels in Column A are adjusted as follows: Each encircled L _-value is
replaced by the arithmetic average of the preceeding and the following L_-values. Thus, 83 becomes
replaced by [(82+76)/2] = 79, and 80 by |(76-80)/2| = 78, The adjusted listing appears in Column
Aadj'
Thereafter, new level-differences are computed and listed in Column D, whereby the level-difference
between an imaginary band No.2 and band No.3 is set, by convention, equal to that between bands
3 and 4, in our example +2. 'Average slopes' are now computed by taking, respectively, three suc-
cessive slopes and calculating the arithmetic average, i.e.

(A3) average slope = 1/3 (slope 1 + slope 2 + slope 3)
and listed in Column E,

The final adjusted levels (to be listed in Column F) are obtained as follows: Band 3 remains un-
changed as in Column A. Band 4 level is taken as the sum of the Band 3 level and the average
slope, as listed in Column E, i.e. 80+1/3 = 80 1/3. Correspondingly, Band 5 level is taken as
Band 4 level plus the next average slope, i.e. 80 1/3 - 1 1/3 = 79, etc.

In the end the level differences between the original sound pressure level (Column A) and the final
adjusted level (Column F) are listed in Column G, but only those which are greater than zero. The
fiumerical values in Column G are then converted into the tone-correction factors, C(k), as follows:

If the 1/3-0.b. under consideration has a center frequency of (and including) 500 Hz up to 5000
Hg, the Column G values are divided by 3 to obtain C(k); if however the center frequency is below
800 Hr and above 5000 Hs, values are divided by 6 to obtain C(k). Only the largest of the tone
correction factors is ultimately added to the 'Perceived Noise Level', such that the 'Tone-corrected
Perceived Noise Lavel, PNLT,' becomes

(Ad) i " PNLT(k) = PNL(k) + C(k)
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with C(k) as the largest tone correction factor:listed in Column H. In the example, the tone correc-
tion factor is rather small since it occurred in band 5 (125 He). If the same 'G-value' had occur-
red at band 14 (1000 Hz), C(k) would become 1 1/3 dB. The numerical valus of the largest permis-
sible tone correction factor is 6 2/3 dB. For each of the 1/3-0.b.-spectra occurring in 1/2-second
increments during a flyover one may determine one PNLT(k) value. Thus, a PNLT-time history for
the flyover under consideration can be plotted, where - at some point in time - a maximum PNLT-
value occurs. This maximum value, termed PNLTM, now enters the further computational procedures,

A.3 Duration Correction

During a typical flyover, aircraft noise is first heard when it can be distinguished from the back-
ground noise and until it eventually submerges again into the ambient. The human subjective
response depends to a large extent on the time-duration of the flyover-noise signature, such that a
brief audible time-history might be less disturbing than one that extends for a long period of time,

Thus, the 'time duration' (defined as the time span for which the PNLT values exceed the maximum
PNLT value (i.e. PNL™M) minus 10 dB (Fig. A-4)) alsoc enters the EPNL-computation. The ensuing
time-duration factor, D, - also sloppily referred to as "10-dB-down-time" - is defined as follows:

ty
(A5) D = 10 log -.}.-s antitog BT gy | _ puppw,
t

Here, T is a normalizing factor, and, by convention, taken as 10 seconds, and tl and 12 s respec-
tively, are the points in time when PNLT first exceeds the value (PNLTM-10) and after it remains
less than the value {PNLTM-10).

Since there does not exist a mathematical expression (function) for the PNLT-flyover time history,
but rather a number of individual time-sequential PNLT-values one rather uses a summation instead
of an integral, i.e.

d/At
(A6) D=10log |4 I at antilog (P"‘l‘g k ) - PNLTM
k=0

where k denotes the k-th data point (at 1/2 s intervals) during the flyover, Delta t is the time-
sequential interval (1/2 s), d is the time duration during which PNLT exceeds (PNLTM-10),

Taking T = 10 s and Delta ¢ = 0.5 5, Eq.(A6) reduces to

2d
(A7) D = 10 log . antilog (L'ilfo'l'(L)) - PNLTM - 13 .,
k=0

If the flyover was a fast one, the PNLT-hlutory might look as in Fig. A-8a; if it was a slow as in
Fig. A-8b. In both cases the maximum value is identical and equal to 100 PNLTMdB. In the first
case, however, fewer PNLT-values are added up (namely only k = 11), while in the second cage
many more values (k = 31) contribute. In the example the duration correction factor is -9 dB for
the fast flyover and -5.9 dp for the slow flyover, i.e. 4 dB larger.

The duration factor as such is of course independent of the maximum PNLT-value, and in fact, the
PNLTM does not explicitly ‘enter the final ¥PN-lavel aince it cancels when inwéducing the duration
correction. '
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The Effective Perceived Noise Level (including tone and duration correction) now becomes

(A8)

where D usually is a negative number. From the definition of D, which includes a subtraction of

A.4 Vinal EPNL-value

"EPNL = PNLTM + D

PNLTN one finds

(A9)

or rather

(A10)

EPNL = 10 log (—

2d

EPNL = 10 log (E

k=0

ta

Y

10 PNLT (k)) - 18

‘ S 10PNLT (k)/10 dt)
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- APPENDIX B: ACOUSTICAL CHANGE EVALUATION AND PRECISION OF FLYOVER NOISE MEASUREMENTS

If an aircraft doss not pass a noise certification test, "acoustical changes" (employing, e.g. a less
noisy propeller or an improved muffler) are necessary to lower its noise emission. The question
arises, whether the acoustic test procedure, as prescribed for certification, is a suitable method for
the purpose and whether the attainable “statistical precision” suffices to evaluate the success of
any such acoustical change. There is often a tendency to take measured noise levels at their "face-
value", neglecting the measurement uncertainty that i{a inherent in the statistical nature of nolse
data obtained from an aircraft in flight. The following discussion is largely based on |61 and 63)].

To ascertain the validity of noise measurements, certification regulations require that the arithmetic
mean of at least 4 (or 6) flyover noise levels shall be produced. In any case, however, the "final"
sample size must be large enough to establish a 90% confidence limit not exceeding +/~ 1.5 dB (See
AGARbognph-Appcndlx E); hence it might be necessary to obtain test data through more than 4 (or
6) flyovers. It is obvious that the data scatter may become quite large as long as the standard
error of the mean of noise levels L does not exceed an asymptotical value of 0.9 dB with increas-
ing number of flyovers (Fig. B-1). Practice has shown, that data, which comply with this require-
ment, are not difficult to obtain for propeller-driven aircraft. If in the process of comparing two
or more aircraft with two or move empirical mean noise levels (with their individual variances),
however, then this validation procedure does not suffice!

B.1 Gaussian Data-Distribution and Homogeneity of Variance

To assess significant changes (in terms of mean level differences) it is imperative to take the sta-
tistical nature of the data into account. Within the ANNEX regulations the noise level data are
treated as if they formed a normal (Gaussian) distribution in the "dB-apace". If this was indeed
true and if, in addition, both variances l" of the respective samples were of the same magnitude,
then t-statistics for two means could be readily applied to test for significant differences D"“O.OS’
corresponding to an error probability of o¢ = 0.05. (It is customary to use a l)eluo.o5 for “signifi-
cance-testing").

The following is to illustrate the procedure. Fig. B-3 shows two examples of flight noise data
obtained under realistic test conditions. In both casea aircraft were tested before and after some
acoustical change had been implemented (such as the replacement of a "noisy" with a "quiet" pro-
peller). 'Aircraft A' was tested 4 times in one configuration, then 4 times in the other configura-
tion, providing, respec’ .vely, 2 times 4 levels, with 2 resulting mean-levels. It turned out that the
variations in level from one test flyover to the next within a test series of 4 were quite small;
moreover, the difference of the 2 mean levels was also quite small, namely 0.5 dB.

Some other 'Alrcralt B' was also tested 4 times in ane configuration and then 4 times in another
configuration, sgain providing 2 times 4 levels with 2 mean levels. Here it turned out that the
level variations from one test flight to the nuxt within one test series of 4 were quite large; more-
over the difference in the mean levels was also quite large, namely 2.0 dB.

In the case of 'Aircraft A' one might be tempted to say: "Ah well, the difference in the mean
levels for the aircraft bsfore and after the change is kind of small, isn't it. Surely, changing the
propelier has not gotten us anywhere!". - Enter ‘'Aircraft B': Here one might say: "Gee, look at
the difference after we changed the propsller. Its a good solid 2.0 dB. Surely, this time the
change has brought about quite some improvement!™

Such "intuitive" statements are howsver not only dangerous, they can be outrightly wrong! One must
consider the statistics of the data and determine the minimum necessary level-differsnce for signi-
Iicance. A level ‘c‘liﬂol"neo of 0.5 dB can be statistically significant, another of 2.0 dB can be
statistically insignificant.
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Test Beries 1 and B of ‘Aliérift A' shawed wvery amall ‘standard deviations (both appromimately
" 0.23 dB) , series 1 and 3 of ‘Aircraft B' showed large standard deviations {both approximate-
ly s, = 1.38 dB). The reproduced tests for 'Aircraft A' indicated the mean level to be higher by
0.5 dB, for 'Aircraft B' to be lower by 2.0 dB. The basic question then arises, whether these dif-
ferences are statistically significant or not.

Under the simplifying assumptions that in each test series the sample size N, was the same (namely
4), that furthermore the variances l'x were identical (namely 0.33' in case 'A’, and 1.33° in case
‘B') one could simplify the mathematical expression for (Doltto_os)-llgniticunc- testing to:

e
Deltag g5 > t0.08;2N;-2 %

where IJolt.ao_ms is the minimum level difference for significance with an error probability & of
0.08 or 5%, and  ty og.on 2 is the 'student factor' (sce Table E-1 in AGARDograph-Appendix E).
This latter factor, for N‘L 4 would assume a value of 2.4T7. Accordingly, for the example used,
Deltay s would be 0.4 dB in case 'A'; thus the test result would indicate 'significance' of the
mean-leval difference of 0.5 dB. In case ‘B! Delu‘.’.os would be 2.3 dB; hence the observed mean-
lavel difference of 2.0 dB (being less than the minimum required one of 2.3 dB) would render the
difference not significant in & statistical sense, although the absolute level difference is larger
than for ‘'Aircraft A'.

For convenience, Fig. B-3 shows the relationship of standard deviation and the borderline “'signifi-
cant" leve! Zifference within which - for a given standard deviation - a level difference would be
statistically significant under the above made assumptions of equal test numbers Nf and "identical"
standard deviations for both test series. The examples shown in Fig. B-2 are indicated.

B.2 Non-Gaussian Data Distribution and Inhomogeneity of Variance

Usually one cannot assume 8 normal distribution of data and variances are usually not homogene-
ous. Frequently, even data within a single sample stem from two different basic ensembles (e.g.
those obtained for the upwind and downwind legs of test flights).

Practice has shown that the %% confidence level (o = 0.10) derived within the certification proce-
dure really only provides & measure of 'repeatability' (or "closeness in agreement") of the noise
data obtained within one test-series by one observer with the same instrumentation in one place
and within a comparatively short time span under fairly identical meteorological condition.

A newly produced data sample of comparable size, even from the same test-aircraft by the same
observer and instrumentation but at some other time or location would probably produce a mean
noise level with a different variance. In this case, the 'reproducibility' of both sets of data must
be determined. Only when making use of both the 'repeatability' and the ‘reproducibility ' could
one derive more general “critical differences" {(such as, e.g. a more general confidence limit).

To illustrate these considerations, flyover noise data from 8 test meroplanes are used. Although the
available data containa a subatantial amount of information, statistical evaluation has its limita-
tion due to the still rather amall individual sample size, both in terms of the ‘replication rate' {(of
4 to & flyovers within & test series) and of the 'repetitions rate' (repetition at different times and
locations) of typically twe or three in the examples shown. The particular difficulty lies in the
identification of possible 'outliers' and ‘irregularities' and in establ'shing the homogeneity of
variances. Checks whether a normal (i.e. "Gauasian") distribution could be assumed showed that

this was not the case for the A-weighted levels, Lp“. that were conaidered here.

In order o derive the subject 'Precision Data', both a "Within-test-series Variance" u',’ and a
*Batween-test-saries Variance” 0;iwas determined. 0,.2 was usually evaluated from a total of 4,
sometimes 8, flyovers conducted within a short time period, whersby the data had been acquired by
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two independent measurement groups. 0,’ in turn was evaluated from series of 2 or 3 test-campaigns
(each series resulting in one c,z varianced; each test-campaign in itself was considered a new and
independent test. By combining the "Within-test-seriss Variances" and the "Between-test-seriea
Variances” one can now go ahwad and define a "Reproducibility Variance"

opl = 0,2+ 0y
for a test series reproduced at a different time and/or location but with exactly the same aircraft
as well as observer and squipment.

The subject "Precision Data™ are then defined as

Repeatability r=28g¢,
Reproducibility R = 2,83 Og

where the factor 2.83 is a rounded oft 7T t00;0.05 ° Here /T ia included since differences between
iwo measurements are described; %50;0.05 18 Student's factor (See TABLE E-1 of this AGARDograph)
for a sample of infinite size and a probability-level of 95%. r and R can be considered as bounds
of normal-distributed variables. Most differences, occuring when measurements are repeated and
reproduced, will therefore be sither of equal size or smaller.

From the Precision Data r and R critical differences with a particular probability level p - usually
95% - can be derived. One such derived quantity is the general confidence level,

ey
up = (/YD R < P (-1/n)
where n is the number of multiple repetitions of the measurements.

Experimental results from a comparative study are shown in Fig. B-4. In general, 'repeatabilities'
r of between 1 and 2 dB were found with the exception of two aircraft, a powered glider (air-
craft A) and a turboprop aeroplane (aircraft H), resp., for which the subject evaluation procedure
was not particularily suited. Larger values of repeatability of up to 3 dB indicate an inappropri-
ate test procedure, such as accelerated flights (aircraft A) or strong effects of atmospheric turbu-
lence (aircraft H). All other aircraft indicate close identity within the multiplo-determined repeated
tests. Homogeneity of variances within such multiple-determined tests could always be demonstrated;
inhomogeneity on the other hand was a clear indication of errors.

Reproducibility was found to range from 2 to 3 dB, and sometimes to reach values greater than
4 dB. The actual values show rather conclusively, that there is a risk in comparing noise levels of
exactly the same aircraft after test conditions have changed in a non-controllable way.

The combination of the precision data into a general 'confidence limit' up shows values of 1 to 2
dB (Fig. B-§), which is much greater than the typical average confidence level of a single test
series. Indeed, these rather large values cannot be reduced much by replication. (The resulta, as
ghown in Fig. B-5 refer to a probability-level of 95%, suitable for estimates of the significance of
differences).

One must warn therefore not to take noise data from certification tests as basic material to ascer-
tain acoustical changes of only a few dexiBels in a statistically significznt manner. The determina-
tion of the precision data 'repeatability' and 'reproducibility' and perhaps of more a general con-
fidence limit should provide a better indication of how reliable such comparative measurements real-
ly are,

Noise measuremsnts for purposes other than certification should therefore be planned to render sta-
tistically significant p_uou. ‘One could for example consider a series of, say, up to 8 flights of
one basic ensemble messured simultanscusly through twe independent data channels. Precision how-

IV G

i
i
!
:

£ R LA, ke e

Y T IOD L

-3




154

over could best be improved if 'paired' or '‘matched' tests were cartied out; these have a better
test power or selectivity. Above all, it will often be leas costl' to fly two aireraft simultanecusly
than to perform consecutive tests with one aircraft resulting in questionadle test data signifteance.
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APPRNDIX C: NOISE CSATIFICATION COMPARISON ACCORDING TO AINCRAFT TYPES AND CATRUORIES

The structure of each Chapter and Appendix of ANNEX 16 generally follows the same paitsrn. There-
fore, in order to make individual differences in the treatment of the various aircrsft types and
categoriss more obvious, this AGARDograph-Appendix lists each test aspect in terma of ‘'Applica-
bility', 'Noise Evaluation ileasurs', ‘'Noise Referance Messurement Point{s)', ‘'Maximum HNoise
Level(s)', ‘Trade-offs', 'Noise Certification Reference Procedure: Atmospheric Conditions', ‘'Noiwe
Certification Reference Procedure: Engine Power and Flight Speed', 'Test Environment', 'Adjustment
to Test Reauits', and 'Test Recult Validily'. The specifications will individually refer to

Progeller-drivea Asrcplanes over 9000 with Airworthiness Certificate Application (“ACA")
on/afier 17 Nov. 198& (ANNEX 18 Chapter 3 / Appendix 3)

Subscnic Jut Asroplames with Airworthiness Certificate Application ("ACA") on/after 8 Oct. 1977
(ANNEX 1€ Chapter 3 / Appendix 2)

(3) Pnz.llﬂrlv- Asroplanes wmot excesding 9000 h’ with Airworthiness Certificate Application
("ACA") before 17 Nov, 1988 (ANNEX 16 Chapter & / Appendix 3)

(4) Propeller-drivea Asroplanes not oxeudl-s 9000 k% with Airworthiness Certificate Application
{"ACA") on/after 17 Nov. 1983 (ANNEX 16 Chapter 10 / Appendix 6)

n

(2)

{5) Helicopters with Airworthiness Certiflicate Application ("ACA") on/after 1 Jan. 1985 or with Ap-
plication for change of type design on/after 17 Nov. 1988 (ANNEX 18 Chapter 8 / Appendix 4)

APPLICABILITY

(1) Propeller-driven Asrcplanes over 9000 kg
o Propeller-driven aeroplanes including their derived versions

(2) Subsonic Jet Asroplanes
o Subsonic jet aeroplanes including their derived versions (other than those which require a
runway length of 810 m or leas at NMCTOM

{3) Propeller-driven Aercplanes not exceeding 9000 kg (ACA before 17 Nov. 1988)

o Propellar-driven asroplanes - other than asrcbatic, fire-fighting, and agricultural - with
a certificated take-off mass not exceeding 9000 kf (except for derived versions with
airworthinesa application on/after 17 Nov. 1388, for which Chapter 10 applies)

(¢) Propaller-driven Aercplanes not exoseding 9000 kg (ACA on/after 17 Nov. 1988)

o propeller driven aeroplanes and their derived versions- other than aerobatic,
ire-fighting, and agricultural - with a MCTOM not exceeding 9000 kg

(8) Halicopters

o Helicopters - other than those designed for external load carrying, [ire-fighting and
agricultural purposes

NOISE EVALUATION MEASURE

(1) Propeller-driven Acreplanes ever 9000 kg
o [Kffective Parceived Noise Level (EPNL)

(3) Oubesmic Jet Asreplanes
o Effective Perceived Noise Level (EPNL)

(3) Prepallor—driven Asrcplanss pot exoesding 9000 kg (ACA before 17 Nov. 1988)
o maximum A-weighted flyover noise level “’pA.mnx)
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(1)

(8)

1)

(2)

(3)

(4)

(5)

(1)

(2)

(3)

Propeller-driven ‘Aeroplanes not excesding 9000:kg (ACA on/after 17 Nov. 1988)

o maximum A-weighted flyuver noise level (L )

PA,max

Relicoptess
o Effsctivo Perceived Noice Level (EPNL)

NOISE REFERENCE MEASUREMENT POINY(8)

Propeller-drivea Aesoplanes over 9000 kg
o TaXke-off Test Sideline: several points parallel and 450 m from the runway center line

o Take-off Test Tlyover: point on extended runway center line 6500 m past r*art of roll

© Approach Test: poiut 120 m below the 3° descent path

Subsonic Jet Aeroplanes
o Take-off Test Sideline: several points parallel and 450 m from the runway center line

o Take-off Teat Flyover: goint on extended runway center line 6500 m past start of roll

o Approach Test: point 120 m below the 3" dr3cent path

Propells--driven Asroplanes not exceading 9000 kg (ACA before 17 Nov. 1988)
¢ Level Flyover Tect: Point 30C m vertically below flight path

Fropeller-driven Aerupianes not ercording 9000 kg (ACA on/after 17 Nov. 1988)

o Point on runway center line 2590 m past slart of roll

Helicopters
o Take off Test: Point vertically below flight path and 500 m horizontally past the point

157

where transition ‘o climbing flight (roiation pcint) is initiated; two other points symmetri-

cally disposed at 150 m un both sides to the centor point

ano. e

° A;ilgronch Test: Foint 120 r: verticelly below the flight path for a 6°-approach-path; two

other lateral points as above

MAXIFUM NOISE LEVELS (mass dependent)

Propeller-driver Aeroplanes over $000 kg

o Take-off Test Sideline: 96 - 103 EPNdS
o Take—ofl Teat Flyover: 89 - 106 EPNdB
o Iggroucﬁ Test: 98 - 106 EPNdR
Subaonic Jet Asroplanes

Take-off Test Sideline: 94 - 103 EPNdB
Take-off Test Flyover:

_1_1_'Y'o ~engine tircralt: 82 - 101 EPNdB

o 3-engine aircraft: 89 - 104 EPNdB
0 A-engine aircraft: 89 - 108 ®PNdB

Approach Test: 98 - 108 EPNdP

Pro ‘ler-driven Asroplanes not exceeding 9000 kg (ACA before 17 Nov. 1988)
Level Flyover Test: 68 - 89 dB(A)

aa e e . TS e st sy

o Level Flyover Test: Point 150 m vertically below the flight path; two other lateral points as

A e 1, S
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(¢)  Propeller-drives Asroplanes not ezcesding 9000 kg (ACA on/after 17 Nov. 1988)

(8)

1)

(2)

(3)

(4)

(8)

(1)

(2)

(3)

(4)

HRelicopters

(3 microphone averags)

Propeller-driven Asroplanes over 9000 kg

o Sum of excesses not greater than 3 EPNdB
o Any single point excess not greater than 2 EPNdB
o Any excess offset by reduction(s) at other point(s)

Take-off Test:

Lewsl Fiyover Test:
LO8 o8t

Subsonic Jet Asroplanes

o
[+]
o

Propeller-driven Asroplanes not exceeding 9000 kg (ACA before 17 Nov. 1988)

-]

Propeller-driven Aeroplanes not exceeding 9000 kg (ACA on/after 17 Nov. 1988)

o

Sum of excesses not greater than 3 EPNdB
Any single point excess not greater than 2 EPNdB
Any excess offset by reduction(s) at other point(s)

not applicable

not applicable

Helicopters

o Sum of excesses not greater than 4 EPNdB
o Any single point excess not greater than 3 EPNdB
0 Any excess offset by reduction(s) at other point(s)

Propeller-driven Aeroplanes over 9000 kg

c¢ooo

NOISE CERTIFICATION REFERENCE PROCEDURE: ATMOSPHERIC CONDITIONS

76 - 88 dB(A)

86 - 106 EPNdB
-85 - 106 EPNdR .
87 - 107 EPNdB

Sea level atmospheric pressure 1013.25 hPa
Ambient Temperature 25 °C (ISA + 10 °C); 15 °C if approved by Certification Authority

Relative Humidity 70%
Zero Wind

Subsonic Jet Aeroplanes

[-3X-2%- -

Propeller-driven Aeroplanes not exceeding 9000 kg (ACA before 17 Nov. 1988)

[+]

Propeller-driven Aercplanes not exceeding 2000 kg (ACA on/after 17 Nov. 1988)

o
[}
o
o

Sea level atmospheric pressure 1013.25 hPa
Ambient Temperature 25 °C (ISA + 10 °C); 15 °C if approved by Certification Authority

Relative Humidity 70%
Zero Wind

Sea level atmospheric pressure 1013.26 hPa
0 Ambient temperature 25 °C (ISA + 10 °C)

Sea level almospheric presm(xre %013.25 hPa
I8SA

Ambijent Temperature 15 °C
Relative Humidity 70%
Zero Wind
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(8) Helivopters
-0~ Bem level atmosphesic pressure 1013.25 hPa . .
) - Ambient - rature 35 *C. (I8A.+ 10 °*C); 18 °C if approved by Certification Authority

° rature.
o Relative Humidity 70%
o 2Zero Wind

NOISE CERTIFICATION REFERENCE PROCEDURE: ENGINZ POWER AND PLIGHT SPEED

(1) Propeller-driven Asraplasss over 9000 kg
Take-off: -with take-off power until reaching a flight h@ighi of

o 300 m (asroplane with 2 engines)
o 360 .m (aeroplane with 3 engines)
o 210 m (aeroplane with 4 engines)

Therafter whichever power is greater to maintain a 4%-climb-gradient or a one-engine out
level flight; all engine operating climb speed of at least V, + 19 km/h (where V., is the
safe take-off speed) to be attained right after lift off; hnalng gears may be ro&-acted as
soon as practical, the mass must correspond to the take-off mass

Approach: to be made at a apeed no less than 1.3 V_ + 19 km/h (where V_ is the stall-speed)
nns stabilized power. Landing gears must be down, thass to correspond to maximum landing
mass.

(2) Subsonic Jet Asroplanes
Take-off: with take-off power until reaching a flight height of

o 300 m (aeroplane with 2 engines)
o 260 m (aeroplane with 3 engines)
o 210 m (aeroplane with 4 engines)

Therafter whichever power is greater to maintain a 4%-climb-gradient or a one-engine out
level flight; all engine operating climb speed not to exceed V, + 37 km/h (where V. is the
safe take-off speed) to be attained right after lift off; landin gears may be retrn%ted as
soon as practical, the mass must correspond to the take-off mass

Approach: to be made at a speed no less than 1.3 V_ + 19 km/h (where V_ is the stall-speed)
ans stabilized power. Landing gears must be down, #ass be the mnximum'landlng mass.

(3)  Propeller-driven Aeroplanes not exceeding 9000 kg (ACA before 17 Nov. 1988)
Highest engine power in the normal operating range at stabilized airspeed and in cruise
configuration

(4) Propsller-driven Acroplanes not exceeding 9000 kg (ACA on/after 17 Nov. 1988)
Take-off with maximum take-off mass and take-off power until a height above the runway of
15 m has beun reached, thereafter gears up and flaps in climb configuration with maximum
power and propeller-RPM at a speed corresponding to the best rate-of-climb apeed

(5) Helicopters
Take-off: with maximum take-off mass and take-off power at the best rate of climb along a
path starting from a point located 500 m shead of the reference point, and 20 m above the
ground maintaining the best rate-of-climb speed during the subsequent climb at rotor-speed
stabilized at the maximum normal operating RPM.
Flyover: with maximum take-off mass and stabilized in level flight at the greater speed of
i%er D.45 V,, + 120 km/h or 0.45 Vyg * 120 km/h, again with a rotor-speed stabilized at the
maxmimum no“nal operating RPM.
Approach: with maximum landing mass following s 6° approach path at a stabilized airspeed

corresponding to the best-rate-of-climb speed, again with a rotor-speed stabilized at the
maximum normal operating RPM

TEST ENVIRONMENT
Applies to all aircraft

o no precipitation
o ambient temperature between 2 °C and 35 °C

A e
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o relative humidity between 30% and 95% ¢ -

o certain combination of the two are to be avoided, whore high frequencies are much absorbed .

© 30 second average wind speed not to exceed 19 km/h .and cross-wind not- higher than 9 km/h i
“meagured: 10-m ‘wbove ground. for (1), (2) ‘and {5), and 1.2 m sbove greund for (3) and (&) :

ADIUSTMENTS TO TEST RESULTS

Note: Differences between test and reference conditions result in differences of the following:

o aeroplane flight path and velocity relative to the measurement point
o amount of sound attenuation in the air
© source noise, i.e. the generating mechanisms. of propeller-, rotor- and engine-noise.

Depending on the particular sircraft type, its operation and propulsion system different degrees of
adjustments are necessary; within certain test environmental windows, no corrections are necessary.

If the noise evaluation measure is the EPNL, then its computation l;equlru the above listed adjust-
ments; less complex adjustments are required for: determining L A,max’ This is reflected in the
relevant ANNEX 18. Appendix Sections on Data Adjustments. Pa,

(1)  Propeller-driven Aeroplanes over 9000 kg
Corrections are required for

o attenuation of the noise along its path by means of the inverse-square law and atmo-
spheric attenuation

o duration of the noise as affected by distance and speed of the aeroplane relative to the
measuring point

0 source noise emitted by the engine or the propellers as affected by relevant parameters

(2) Subsonic Jet Aeroplanes
Corrections are required for
o attenuation of the noise along its path by means of the inverse-square law and atmo-
spheric attenuation
o duration of the noise as affected by distance and speed of the aeroplane relative to the
measuring point
0 source noise emitted by the engine or the propellers as affected by relevant parameters
(3) Propeller-driven Aeroplanes not exceeding 9000 kg (ACA before 17 Nov. 1988)
Corrections are required for
0 engine power,
0 helical blade tip Mach number (for a difference of more than 0.003;, and
o flight height
(4) Propeller-driven Aeroplanes not exceeding 9000 kg (ACA on/after 17 Nov. 1988)
Corrections are required for
atmospheric attenuation,
noise path length,

helical blade tip Mach number, and
engine power

- -]

(5) Helicopters

Similar corrections as under (1), (2), and (4) are required for the helicopter; however, the
determination of a helicopter's noise sensitivity (dependence of EPNL upon flight speed or
Mach-number of the advancing blade) is needed to correct for test/reference-differences in
advancing blade tip Mach number and flight speed. The inverse-square-law does not correctly
adjust for differences in the flight height on account of the 3 laterally positioned measuring
microphones!

TEST RESULT VALIDITY i

For all noise certification testing the general requirement has been set to ascertain a large enough
test sample (number of valid test flights) to establish statistically a 90% confidence Mmit not
exceeding +/- 1.5 dB (See also Appendix E of this AGARDograph)
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APPENDIX D: ATMOSPHERIC ATTENUATION CORFFICIENTS

The following tibles concerning the sound attenuaticn cosfficient oc in dB/100 m is an excerpt of the
more extensive tables as presented e.g. in |1, 3a}

Here tables’ ars reproducid only for relative humidities of 30%. 50%, 70% and $0%. Attenuation coef-
ficients for other relative humidities can be interpolated from the values listed in "neighboring"
tables. ‘ - o ) ) :

Bivedl contre Ralutive humidity = 30%
Soqueny Temparature, °C
Hz =10 -5 0 H 10 s 0 3 0 38 L
- 50 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(4} 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
] 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1
100 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.4
128 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.l
160 0.2 0.1 [ X} 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.t
200 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.4 0.1 0.2
250 0.3 0.2 0.2 0.1 [ 3] 0.1 0.1 0.1 0.2 0.2 0.2
k1H] 0.4 0.3 0.2 0.2 0.2 0.t 0.2 02 02 0.2 0.2
400 0.6 0.5 0.4 0.3 02 0.2 0.2 0.2 03 03 0.}
500 0.7 06 0.5 04 0.3 0.3 03 0.3 0.3 0.3 04
€30 0.9 0.9 0.7 0.8 04 0.3 0.3 04 04 04 0.3
200 1.1 1.2 1.0 os 0.6 0.5 0.4 0.5 0.s 06 0.6
1000 13 1.6 1.4 1.1 0.9 0.7 0.6 0.6 0.6 0.7 os
1aso LS 0 19 1.6 1.2 0.9 oL | o7 08 09 10
1600 17 28 2.7 2.2 1.8 1.4 1.1 1.0 1.0 Lt 1.3
2000 1.9 30 kX kN 8 20 1.6 1.4 1.3 [R) 1.8
2500 .t s 4.4 4.2 3.8 2.8 2.2 .9 1.7 1.8 2.0
s 23 4.0 5.5 $9 4.9 4.0 13 2.6 3 3 25
L 26 4.3 6.8 79 69 | 38 4.7 h R ] 33 at 33
3000 28 48 74 9.0 8.2 6.9 8.7 46 39 36 3.7
6300 J2 33 8.6 1.1 1.3 9.6 8.0 6.6 54 48 4.7
0000 38 6.1 9.9 139 13.6 13.6 1.5 9.5 79 [X] 6.4
10000 4.5 71 1.4 16.9 0.3 19.1 16.6 13.9 1.6 9.7 88
13500 3.3 33 13.0 2.0 23,3 23.0 19.6 16.4 13.8 12.1
Band cenire Relative humidity = 30%
Jrequency Temperature, °C
Hz -10 -5 ] s 10 15 20 1 30 kL 40
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
63 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1
100 0.0 00 0.0 0.0 0.0 0.0 0.t 0.1 0.1 0.1 0.1
128 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1
160 0.4 0.1 6.1 0.1 0.1 0.1 0.1 0.t 0.1 0.1 0.1
00 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2
2350 0.2 0.1 [ 8] 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2
s 03 0.2 0.4 0.1 [N 0.1 0.2 0.2 0.2 0.2 0.2
400 0.4 043 0.2 03 0.2 0.2 0.2 02 0.3 0.3 03
300 0.3 0.4 0.3 0.2 0.2 0.2 0.3 0.3 0.3 0.3 04
630 0.7 [ X] 04 03 0.3 0.3 0.3 04 0.4 04 0.5
00 Lo [ X} 0.6 0.5 0.4 0.4 0.4 0.5 0.3 0.6 0.6
1000 (] 1.1 0.9 0.6 0.8 [ X] 0.5 0.6 [ X1 0.7 0.8
1250 1.8 1.6 1.2 0.9 0.7 0.6 0.7 0.7 0.3 0.9 1.0
1600 13 22 1.8 1.3 1.0 09 0.9 0.9 1.0 1.1 1.3
2000 ¥ | 1l 24 19 ] 1.2 1.1 1.2 13 14 1.6
23500 34 4.0 34 2.7 2.1 1.6 1.5 LS 17 1.8 2.0
3150 4.0 sl 4“7 kX 3.0 2.3 .0 19 2.3 2.3 2.8
4000 4.6 64 6.7 5.8 44 34 2.8 26 2.7 3.0 33
3000 49 1.2 19 6.3 52 4.2 34 LN At 34 1.7
6300 34 8.6 10.2 3.9 7.3 39 4.7 41 4.0 4.3 4.7
000 6.2 10.2 13.1 12.8 10.5 8.6 6.9 5.8 4 5.7 62
10000 12 1ne 164 17.8 150 124 10.2 .4 1.3 7.4 8.1
13500 14 13.6 e 1.3 J44 1.9 9.9

s
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Band contre Relative humidity = 70%
Jroquency Temperarure, °C
He ~10f -5 | o s 10 i 2 2 3 33 «
. [ X3 0.0 - 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0
[ ) [ X.] 0.0 0.0 0.0 0.0 0.0 0.0 9.0 0.0 0.0 0.0
0 0.0 0.0 0 0.0 0.0 0.0 .0 0.0 ol 0.1 0l
100 0.0 0.0 0.0 0.0 0.0 0.0 0.t 0.1 0.1 0.1 0.1
8 0.0 0.0 0.0 0.0 ol ol a1 ol 0.l ol 0.1
160 [N ] 0.l 0.1 0.1 0.1 [N [ 8] 0.l 0.1 0.1 [ 8]
€00 0.1 0.1 0.1 o1 0.l 0.1 0.2 0.1 [ 8] 0.1 0.2
30 [ 8] 0.1 0 [ 8] .8} 0. 02 0.1 0.2 0.2 0.2
ns 02 ol 0.1 0.1 [ 3} [ 8] 02 0.2 0.2 0.2 0.2
0 [ X} 02 0.2 02 0.2 0.2 0.2 0.2 03 0.} 0
o0 04 03 0.2 0.2 02 0.2 03 03 03 0.4 04
630 [ X} 04 0.3 03 0.3 03 0.3 04 04 0.4 0.5
| 00 03 0.6 04 04 04 04 [X] 0.8 0.5 0.6 0.6
- = : 1000 W] [X} 0.6 0.8 04 0.5 0. 0.6 0.7 0.7 1} }
! 1250 1.8 11 0.9 0.7 0.6 0.6 0.7 0.7 0.8 0.9 10
1600 2.1 L7 1.2 0.9 0.8 [.X ] 0.9 1.0 1.0 [ B} 1.3
000 29 ) 1.3 1.3 1.0 1.0 11 1.2 13 1.4 16
* 2500 37 32 2.8 1.9 1.8 1.3 [K) 1.5 1.7 1.8 2.0
it 4.6 [ X} 3.8 2.7 2.1 1.8 (R § 1.9 2.1 23 2.3
i 4000 3.7 63 5.1 4.0 31 23 23 2.3 2.7 30 33
i $000 63 73 6.0 4.7 37 30 237 2.9 3l 34 3.7
€300 1.5 93 32 [ X 5.2 42 16 s 4.0 43 4.7
9000 L X 1ns 1.6 9.3 1.6 [ %] s 49 52 8.7 6.2
10000 10.2 s 16.4 13.7 1.1 9.0 14 (%] 63 T4 8.1
L_um e | 180 § e | e8| 157 | 128 | w08 9.2 9.0 9.6 9.8
Bend centre Relative humidity = 0%
Jrequency Temporeture, °C
Hz -10 -3 0 s 10 15 ) 28 0 3 ©
o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
[1] 0.0 0.0 a.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.l
100 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1
128 0.0 0.0 0.0 0.0 0.1 0.1 (8] 0.t 01 0.1 0.1
- 160 0.1 [ }] 0.1 [' 3] 0.l 0.! 0.1 0.1 0.1 0.1 0.l
200 0.l 0.1 ot [ 8} 0.1 0.4 0.1 0.1 ol 0.l 0.2
250 0.l [3] (3] ol 0.1 0.1 [ X ] o1 0.2 0.2 0.2
s o 0.1 0.1 0.1 o1 0.l 0.2 02 0.2 0.2 0.2
400 0.2 02 0.4 0.2 02 0.2 03 02 03 0.3 0.3
300 03 0.2 ‘0.2 0.2 [ ¥ 0.2 0.3 03 03 0.3 0.4
H 630 04 03 02 0.2 03 03 03 0.4 04 04 0.8
B 00 0.6 04 03 0.3 03 0.4 0.4 0.3 0.3 0.6 0.6
H 1000 0.9 s 0.5 0.4 24 03 0.8 0.6 0.6 0.7 [ X)
,. 1250 2 0.9 0.6 0.5 0.6 0.6 0.7 0.7 o8 0.9 1.0
N S 1600 uy .3 0.9 0.7 0.7 os 0.9 0.9 1.0 1.1 1.3
L 2000 24 Ls .3 1.0 0.» 1.0 [N] 1.2 1.3 14 1.6
2300 33 P¥ 9 [ ) .2 13 4 |08 [ &) 1.8 2.0
' 3150 44 16 23 at 17 1.6 1.8 1.9 21 23 .8
4000 4.0 LR} 4.0 1.0 2.4 22 2.3 2.8 27 3.0 33
3000 67 60 48 37 29 2. 26 28 3.1 34 3.7
€300 8.3 [ B ] [ %) 52 40 34 33 36 40 4.3 4.7
8000 104 ng 95 14 6.0 49 4.5 48 5.2 s.? 6.2
10000 126 154 13.8 1.0 [ ¥} 71 63 63 68 14 [ N}
L__ﬂﬂ 143 196 1 186 | 1564 | 124 | 101 1.2 83 39 9¢ | 105
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APPENDIX E: ESTABLISHMENT OF THE VALIDITY OF TEST RESULTS

Bvaluation of noise certification data from flyovers of subsonic jet-aercplanes, heavy propeller-
driven aeroplanes and helicopters involves the averaging of the (final, and corrected) EPN-levels
as obtained during repeated test-flighta. A minimum of six valid test-flights is specified. Further,
the sample-sizse (of the acoustic data) must be large snough to establish a confidence-limit not to
exceed +/-1.5 EPNAB at a 90% confidence level.

Assume, the following EPNL-values for N = § flighta had been determined for a particular flight
procedure, e¢.g. take-off test flight

Test flight number (i=) 1 2 3 4 85 &
EPNL (dB) 83 81 83 85 383 88

Thess values could be classified and plotted in terms of a statistical point-diagram (Fig. E-1)

The values yield the following arithmetic mean EPNL = ;, and standard deviation, 8,. reap, with
N = §:

N
> EPNL,
- - i=1
(E1) EPNL = x = = 83.3 dB
N

N —\g | 12
; (EPNLi - EPNL)

(E2) s, = |- =15a .

N -1

Although there are really only very few data points, we assume for the present that they formed a
sample drawn from a Gaussian population, whose normal distribution however was based on an
"infinite" number of items (infinite sample size). The calculated mean X and the standard deviation
& then must be considered to represent the 'best estimate’' of the true mean j, and of the true
standard deviation & of an infinite sample.

Now for a required confidence level of, say, 90% or 95% (corresponding to an error probability oc of
0.10 or 0.05, respectively) one may establish a confidence interval (or its limits) in which (or
within which) pu must be asaumed with the selected probability. For an infinite sample (N = 00) the
confidence limits would, respectively, be Uo0:0.10 = +/-1.6456", and Y00:0.05 * +/-1.9600 ,

Since only 8, a5 an estimate of & , rather then & itself, is known, one must account for the fact
that the sample sizes are neither infinite, nor even very large, but - on the contrary - very
small. This now is taken into account with Gosset's so-called 'Student-distribution' or t-distribution

les|

The distribution of t depends on the ssmple size N, or more exactly on the 'degrees of freedom'
f=N-1; it assumes a bell-shape distribution, just as the Gaussian distribution does, but is
broader depending on the degrees of freedom. For N 2 it is broadest (with one degree of freedom
only); with increasing sample sise the t-distribution more and more approaches the normal distribu-
tion, eventually coinciding when the sample size becomes infinite (N = go).

We are now able to calculate the confidence limits for a amall sample

oo 2x ey

¥

(£3) Ug.p, T

e L

;
i




or the confidence interval
({ )] X - LR Cug X+ N1

which describe the uncertainty of our eatimator X due to random sampling of only very few items of
a basic population with respect to & ‘true’ u, which is only a 'true’ one for this specilic test!

The valuws of t mre tabulated for various error-probabilities and degrees of freedom in Table E-1.

For samples of N = & items (1, =N -1=25) and an error probability of 0.10 ons reads
t.0.10 " 3.015 for a two-sided limitation. To determine the lower and upper limits ('left' or
'r'lght') for the calculated mean of our example, one obtains for the confidence limit:

8, ety
(86) vp,y + At 8L | e as
VN
This value of 1.3¢ dB for a 90% confidence level is well within the (ICAO/ANNEX 16) allowance of
+/-1.6 dB. The corresponding confidence-interval would be 82.1 pn 84,5

Conversely, since a +/-1.5 dB excess is permitted, the allowable maximum standard deviation for 8
samples would be

1.6 I

(E8) 8y - = = 1,82 dB.

max 5:0.1
Tha maximum permissible standard deviation as function of sample size (i.s. the number of
flyovers) for a confidence limit not exceeding +/-1.5 dB at 90% confidence leve! is shown in

Fig. B-3.

Obviously, if the error-probability is to be reduced (i.e. the confidence level to be increased) then
the limits of the confidence-interval tliemaslves move apart, as a consequence of a growth of
(lx- ‘N-l:o: )N and vice versa.

Thus, if a higher confidence level of, say, 95% was required {corresponding to a 5% ervor
probability) then the limitc would mcve further apart, i.e.

[} ]
(E7) 83.3 - 2.57 X 83.3 + 2.57 —%=
w v I5
or 81.8 2 u ( 84.9.
'A
3

80 &1 82 83 8 85 86dB
EPNL

Fig. §-1 Example of a statistical frequency distribution of EPNL values in 1 dB classes
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(Sompie Size, N}

Fig. E-2 Maximum permissible standard deviation s_ as function of the number of flyovers
("sample size") for a 90% confidence limit nc¥ exceeding +/- 1.5 dB

TABLE E-1 t-distribution for various error probabilities OC and degrees of fresdom (from Ref. 64)

[ | aw00 amwQl) «=005 «=002 a«a=001 » Pit)
I 3.0m 6314 12706 31821  63.657 1
: 2 1,886 2.920 4.303 6.965 9.925 2
i 3 1.638 2352 3.182 4.541 5.841 3
; 4 1.533 2112 2776 3.747 4604 4 ar as2
5 1.476 2,015 251 3.368 4.032 L
i é 1.440 1.943 2447 3.143 307 6 ~Ya o +ta
? 1418 1,898 2,365 2.998 3.499 ?
i 8 1.397 1.860 2.306 2897 3385 8
9 1383 1.833 2262 2.821 3.2%0 9
, 1c 1372 1.812 2,228 2.764 3.169 10
1 1.363 1.796 2.201 2.718 3.106 1
: 12 1.3%6 1.782 21719 2.681 3.055 12
13 1.350 1. 2160 2,650 3.012 13
14 1.348 1.761 2.145 2.623 29717 14
15 1341 1.753 2.131 2.603 2.947 15
] 16 1337 1.746 2.120 2.584 2.921 16
i 17 1333 1.740 2110 2.567 2.898 17
G 18 1.330 1.734 2.101 2.552 2378 18
H 19 1.328 1.79 2.093 2.540 2.861 19
20 1328 1.728 2,086 2528 2,845 20
. 21 1323 1.721 2.0%0 2.518 2.831 21
] 22 1.321 L 2074 2.508 2.819 2
3 23 1.319 1714 2.069 2.500 2.807 2
24 1318 1711 2.064 2492 2797 24 :
25 1.316 1.708 2.060 2.485 2,787 25 1
3 26 1318 1.706 2.056 2479 2719 26
27 1314 1.703 2052 2473 1M 27 ;
28 1313 1.701 2.048 2467 2.763 28 !
29 131 1.699 2.045 2462 2.756 29
30 1.310 1.697 2.042 2457 2.7%0 30 %
40 1303 1.6%4 2.021 2423 2.704 40
60 1.296 1.671 2.000 2.390 2,660 60
80 1.292 1.664 1.990 2374 2.639 80
120 1289 1.658 1.980 2.358 2617 120
® 1282 1.643 1.960 2326 2.576 ©




Amestics Scienoe of all aspects relating .,“ sound

Airframe Meise Noise gensrated by an aircraft in flyover in the absence of engine noise by
assrodynamic interaction of flow and structural components

Anbient solse (see "Background Noiss')
Andie (roquency renge Range of audible sound (approximately from 18 Hs to 18.000 Ha)
Sackgreuad meise Noise from sources unrelated to a particular sound that is the object of interest

Sand pressure lewel Sound pressure level of the sound energy within a specified frequency band
(such as 1/3-octave band or 1/1-octave band)

Coufidence limits Upper and lower values of the range over which a per-cent probability applies

Continuous spectrum Spectrum of a wave, whose components are continuously distributed over the
frequency range

Crest factor Ratio of the peak value to the rma value of an oscillating quantity

Decibel Ten times the common logarithm of the ratio of two like quantities proportional to power or
energy of twenty times for amplitude or pressure

Derived Version A 'Derived Version' of an aircraft (in ICAO's definition) is similar to the
prototype (from the point of airworthiness) but incorporates changes in type design which may
affect its noise characteristica

Diffrmction Directional change of propagation of sound energy near & boundary discontinuity such
as the "edge" of an asrodynamic shear layer

Diffuse sound field Sound field where the sound pressure level is essentially the same sverywhere
Direct scund fisld Regime where sound arrives directly from a source without any prior reflection
Directional microphene A microphone whose response depends on the direction of sound incidence
Directivity facter (for an acoustic socurce) Ratio of sound intensity at a remote point on a
reference axis, to the average for all directions in space of the intensity of the sound at the same
distance from the effective centre of the source

Directivity factor (for a microphone) Square of the ratio of the free-field sensitivity in a reference
direction to the random incidence sensitivity

Dissipation Conversion of sound energy into heat

or effect Change in the observed frequency caused by the time rate of change in the length
of the path between the source and the obssrver

Effective sound pressure The root-mean-square (rms) sound pressure
Emission of Sound The radiation of sound away from the source

Excess sttenustion Attenuation of the sound propagated which is not accounted for by spherical
spreading losses (e.g. atmospheric absorption or over ground absorption)

Far field Part of the field of a source radiating sound in fres-field conditions, where
sound-pressure and particle velocity are in-phase

Free-fisld Soundfield in an acoustically essentially unocbstructed environment

Hermonic Sinusoidal quantity of frequency that is an integral multiple of the fundamental
frequency of a periodic quantity to which it is related

Iwmission of Sound The impingemant of sound at the recipient (observer, ground, micraphone, etc)
Level logarithm of the ratio of a quantity to a reference quantity of the same kind

Near field Part of the fisid of a source radiating sound in fres-field conditions, where the sound
pressure and particle velocity are not in phase.

Nolse Sound that is undesired by or obtrusive to the recipient
Octave Frequency interval of 2:1
Omaidirectionsl microphone Microphone with response independent of the sound incidence direction

Poak ssund pressure The maximum absolute value of- the instant d pressure for a
specified time interval

-
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Pesk to peak amplitude The algebraic difhpom,bum the extremes of an oscillating quantity

Pink nolas Noise which has a continuous frequency spectrum and a constant power within a
bandwidth proportional to the center frequency of the band

Plane wave A wave in which the wavefronts are parallel planes normal to the direction of
propagation

Point source A source that radiates sound as if it were radiated from a single point
Power spectrum The spectrum of the sound as expressed in terms of the spectral density

Pure tone Sound wave whosse iniununooul sound pressure is a simple sinusoidal function of time

i
i
M
3

Random noise Noise whose amplitudes are stochastically distributed over the frequency range

Reflection Directional changs within the first medium when a wave front impinges on a boundary
between two media '

Refraction Procesa by which the direction of sound propagation is changed because of spatial
variation of the wave velocity in the medium

Replication Refers to a way in statistical data evaluation to estimate the experimental error while
at the same time providing for its diminuition

Repeatability Refers to tests performed at short intervals in one laboratory by one operator with
the same )Qquip-.m {with no change in environmental parameters such as temperature, humidity,
wind ete,

Reproducibilty Refers to tests performed in different laboratories with different operators and
different equipment

Reverberant field Sound field resulting from the superposition of many sound waves due to
repeated reflections at the boundaries

Root mean square (RMS) value The square root of the mean value of the aquares of the
instantaneous values of the quantity; in the case of s periodic variation the mean is taken over
one period

Scattering Irregular and diffuse reflection, relraction, or diffraction of sound in many directions
Signal-to-noise level The {desired) signal level minus the (undesired) noise level

Sound absorplion Process of dissipating suund energy

Sound absarption coefficient Fraction of the incident sound power which is absorbed by the medium

Sound Exposure Level (SEL) The constant level which - if maintained for a period of 1 second -
would have the same acouatic ensrgy as the transient measured one-time noise event

Sound intensity Average rate of energy flow in a specified direction divided by the area through
which it flows

Sound power Rate at which acoustic energy is radiated from a source

Sound power level Ten times the common logarithin of the ratio of the sound power to the reference
sound power {1pW)

Sound pressure Fluctuating pressure superimposed on the static pressure by the presence of sound

Sound pressure level Ten times the common logarithm of the ratio of the square of the sound
pressure to the square of the standard reference pressure of 230 pPa

Sound pressure spectrum The spectrum of a scund expressed in terms of the root-mean square
pressure per unit bandwidth

Spherical wave A wave where the wavefronta are concentric spheres

Transducer A device to convert acoustical energy into electrical energy

[P

Wave front Continuous surface whereupon the phase is the same at any given instant

Waveform The shape of the graph representing the succeasive values of a varying quantity auch as
sound pressure

Wavelength Distance between two successive points on the wave which are separated by one period
Weighting A prescribed frequency response provided in a sound level meter

White noise Noise of a statistically random nature having equal energy per unit frequency
bandwidth over a specified frequency band

) w.wﬂ:a o WAL 1l 30t
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