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The determination of noise levels on the ground resulting from

an airplane in flight is important for the estimation of noise levels around
airports for land-use planning purposes and other applications.
significant component in the prediction of ground noise levels is the

estimation of the attenuation of sound as it propagates from an airplane to

locations

on, or near, the ground plane. This sound attenuatio

A

n depends on

atmospheric absorption, sound wave divergence, effects associated with the
ground, meteorological conditions, and details of the installation of the

engines on an airplane.

The principal effects of the ground are those

associated with the interference of the direct and reflected sound waves (see

Section 3].

For propagation to the side of the flight path, th

attenuatign caused by factors which are not readily accounted

referred to as lateral attenuation in this document.
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APPLICATIONS:

Data presented in this AIR are in terms of diffe

rences between

one-third-octave-band free-field sound pressure levels and are intended for

use in estimating far-field aircraft noise.

Allowance may be m

ade for the

acoustic impedance of the ground surface and sound pressure levels at any

height above the ground plane may be estimated.

For estimating

the long-term

time-averaged sound level at several locations around an airport served by a
mix of airplane types under a variety of atmospheric conditions, airplane
operational weights, and flight procedures, it would be more appropriate to
use the method of prediction for lateral attenuation given in Reference 1.

* References are given in Section 5.
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APPLICATIONS (Cont'd.):

In developing the procedure in this AIR, no data from propeller-driven

aircraft or helicopters were used.

Because the acoustical characteristics of

propeller and rotor noise sources are different from those of jet engines,
the prediction procedure in this AIR should not be used to estimate the
lateral attenuation of sound from propeller-driven airplanes and helicopters.

The Tlateral-attenuation prediction procedure in Reference 1 is in terms of
subjective measures [i.e., those including a frequency weighting and time
integration such as Effective Perceived Noise Level (EPNL) or Sound Exposure

Level (SEL
reflection
one-third-
in this Al
measures.

path and s
included p
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* Within the scatter of the available data there was no obvious correlation of

lateral attenuation with sound-source radiation angle. However, it was noted
during the balloting of this document that analysis of the lateral attenuation of
the sound from one airplane did indicate a dependence on sound radiation angle.
That data were not part of the data base available for the analyses described in
this AIR and were not considered as invalidating the general results presented
here. Further information is given in Section A.3.2 of the Appendix to
corroborate the result that one-third-octave-band lateral attenuation was
independent of sound-source radiation angle.
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ONE-THIRD OCTAVE BAND LATERAL ATTENUATION (Cont'd.):

(i.e., ground-plane or elevated mountings) there may be considerable
differences, in both magnitude and frequency distribution, in the effect of
the reflected wave on the measured noise spectrum. The airplane noise
measurements available for development of the prediction procedure in this

AIR all contained spectral irregularities caused by ground reflection

effects. Therefore, it was necessary to develop a procedure to remove the
interference effects to obtain the required free-field sound pressure

levels. The method of removing ground-reflection interference effects was
based on that given in Reference 4 and, more fully, in Reference 5. The
theory us| ence onsiders the re jon of a spnerjcally-diverging
wave proppgating through a still, uniform atmosphere at thecfl
between tWwo semi-infinite media. The acoustic impedance of)th
surface was calculated using a porous absorber model as detail
Referencels 4 and 5.

One-thirdroctave-band values of lateral attenuation®are presen
Figures 1| to 48 as a function of propagation distance, R, obse
and nominpl one-third-octave-band center frequency. The observyer angle is
defined as the angle in the vertical plane, between the line joining the
observer and the centroid of the engine exhausts and the projeg¢tion of that
1ine onto|l the ground plane. Data are provided for far-field 1ateral
attenuatipn of noise from subsonic, jet=powered airplanes with|either of two
common mejthods of installing the engines. Table 1 contains the¢ key to the
location pf the specific Figure ferothe two engine installations. Sound
pressure [level differences are presented as a series of carpet|plots in
Figures 1l to 48. The plots were’ derived by empirical curve fitting through
data obtafined from field measurements of airplane noise.

ver angle, ¢,

In the Appendix, Section A.2 defines the various terms used, and Section A.3
provides p discussion(of the analysis method, shows example cofrelations
between mpasured and\predicted lateral attenuation of one-third-octave-band
sound prepsure level and discusses the accuracy of the prediction of lateral
attenuatipn provided by the data in Figures 1 to 48, or Tables|2 and 3.

PRESENTATIIONOF LATERAL ATTENUATION DATA: Two sets of one-thifd-octave-band
Tateral aftenuation data are provided, one for each of two common engine
installations:

a) wing-mounted engines,

and

b) side-fuselage-mounted or center-fuselage-mounted engines.

The noise level on the ground is the sum of the individual contributions from
each engine plus the contribution of the sound produced by the passage of the

airplane through the air (i.e., nonpropulsive or airframe noise). Ideally,
the individual contributions from sources of engine noise should be
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ION OF LATERAL ATTENUATION DATA (Cont'd.):

calculated using lateral attenuation data appropriate to the specific engine
However, when calculating far-field sound pressure levels using a
single source to represent the total sound from all sources of airplane
noise, the one-third-octave-band lateral attenuation from Figures 1 to 48, or
Tables 2 and 3, should be considered to apply to sound from the most
significant contributing source (e.g., for airplanes having two wing-mounted
and one fuselage-mounted engine use Figures 1 to 24, or Table 2, for

location.
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APPENDIX
METHOD AND ACCURACY OF ANALYSIS FOR ONE-THIRD-OCTAVE-BAND LATERAL ATTENUATION

A.1 GENERAL: This Appendix provides further information on the definitions of
terms and the analysis procedure used in the derivation of generalized
differences between free-field one-third-octave-band sound pressure levels
under the flight path of an airplane and those, at the same distance and
sound-radiation angle, at locations to the side of the flight path.

A.2 DEFINITION OF TERMS: For any one-third-octave-band, lateral)attenuation
depends dn propagation distance, R, and observer angle, @. ~ Th¢ geometric
relationghip between the single equivalent source and the observer is shown
for under-the-flight-path locations (subscript u) in Sketch A.2.la and for
sideline [locations (subscript s) in Sketch A.2.1b.

7777 777 7 7

Sketch A.2.la. Observer position, under - the-flight -path.
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A.2 (Cont'd.):

Sketch A.2.lb..Observer position, sideline.

Propagatipn distance, R, is given by

2 2

R=[(H - H)% w00 02y 1/2 (A.2.1)

b

where D ik the separation between the airplane's position and gbserver's
position projected onto the flight-track, and ¢ is the sideling or lateral
distance,| see/Sketch A.2.1b. The definition here of sideline distance ¢ is
consistent with the definition in Reference 1.

Observer angle ¢ is given by
¢ = arcsin [(Hy - Ho)1/R] (A.2.2)

Angle of radiation, e, is measured from the forward direction and defined as
the angle between the longitudinal axis through an engine, or engines of
interest, projected onto the vertical plane or symmetry of the airplane, and
the line between the observer and the centroid* of the exit planes of the
engines' exhaust nozzles.

* Mean of the locations of the engine exit planes projected onto the airplane's
vertical plane of symmetry.
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A.3 ANALYSIS FOR DERIVATION OF ONE-THIRD-OCTAVE-BAND FREE-FIELD LATERAL
ATTENUATION:

A.3.1 Outline of the Method of Analysis: Lateral attenuation data presented in
this AIR were derived from empirical correlations of the one-third-octave-
band lateral attenuation determined from measurements of the sound from
several airplane types. One-third-octave-band Tateral attenuation data
were obtained using the following method.

Assuming_steady engine conditions and a fixed airplane configuration
(i.e., fairspeed, flap settings, landing-gear position, etc¢)} the sound
pressure level at some reference distance around the movihg airplane,
Ly, is [solely a function of the radiation angle, e. The soumd pressure
level measured at the position of the observer, Lom, A4S given by

Lomk La *+ G - P - AL, (A.3.1)

spherical spreading (inverse square law) and atmospheric abs¢rption
assuming straight line propagation, and AL s the attenuation from all
other loss mechanisms.

where { is the ground reflection effect, P is“the attenuatio% due to

Equation (A.3.1) applies to both sideline and under-the-flight-path
measuripg positions. Subtracting the measured sideline leve], Losms
from the measured under-the-flight-path level, Ly;m, for a gjven

airplane configuration and engine power setting, yields

oum Losm - (Lau - Las) * (Gu - Gs) B (Pu B Ps) - (ALu 1 ALs)' (A.3.2)

Free-fipld sound préssure levels at the observer position are equal
to the measured levels with ground-reflection effects removex

(i.e. Lhf = Lop<?~G). Therefore, for equal sound propagatio
distances in a‘uniform atmosphere (P, = P¢), and free-field
conditipns,/Equation (A.3.2) becomes

Louf “Logf = (Lay - Lag) * (Alg - Ay, (A.3.3)

Lateral attenuation is found from the variation with time of one-third-
octave-band sound pressure level at sideline and under-the-flight-path
Tocations at constant radiation angle, e, = e5. For constant airplane
source conditions and sound radiation angles, the sound pressure level
from the equivalent source of airplane noise should be the same for
measurements under and to the side of the flight path. Thus,

Lau = Las in Equation (A.3.3) and the attenuation difference reduces
to,

ALS - ALu = Louf - Losf. (A.3.4)

Because the observer angle at the time of emission of the under-the-
flight-path spectrum is usually large, many of the components of
attenuation A, will be negligibly small. Jet-by-jet shielding should
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A.3.1 Outline of the Method of Analysis (Cont'd.):

be small because sound from each engine will usually propagate to the
observer without passing through an adjacent jet efflux. Also, a large
observer angle ensures that there is little overground sound propagation
so that any attenuation associated with that propagation path should be
negligible. Further, variations in the length and direction of the
propagation path, that can occur at shallow observer angles due to wind
and temperature gradients, should be minimal.

Therefore, neglecting AL, compared with AL ¢ and referencing. fhe
lateral|attenuation to the under-the-flight-path free-field qne-third-

octave-band sound pressure levels gives,
AL = Louf - Losf, (A.3.5)

where Al is the general letter symbol for the lateral attenugtion of the
one-thiprd-octave-band sound pressure level for<all loss mechanisms other
than spherical wave divergence and atmospheri¢ absorption.

Values ¢f lateral attenuatijon were obtajned, at fixed noise rjadiation
angles within the range 60° < o <1207, for each of the one-tjhird octave
bands throughout the frequency range of the measured data. As a general
principle, interfering levels of background noise were removegd from the
measured signal. However, when ‘the measured sound pressure level in any
one-third octave band was within 3 dB of the background noise level, no
value of lateral attenuation)was calculated for that band.

For onelairplane, noise.data were measured at low engine power with the
airplang in a high drag) configuration (i.e., flaps and underclarriage
down). |For that test’/condition, airframe noise could significantly
contribyte to thelow frequency (less than 400 Hz) measured npise levels.
Experimgntal test data, reported in Reference 6, suggest that,, for an
airplang in a-high drag configuration airframe noise is omnidirectional.
For an gmnidirectional noise source the analysis procedure of| comparing
under-t e-f11qht path and s1de11ne spectra at the same radiatiion angle to
the eng
airframe noise was located at the centro1d of the exit planes of the
engine exhaust nozzles was considered to be reasonable for the airplane in
question. These conclusions were validated by comparing the lateral
attenuation derived from data having an airframe noise contribution with
that from a similar configuration airplane tested at an engine power
setting such that the sound pressure levels should not have been
influenced by airframe noise. There was no detectable variation between
the values of lateral attenuation of sound from the two airplanes
indicating that the analysis for lateral attenuation was applicable to
noise data having an airframe noise component.
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A.3.2 Data Correlation: For each one-third-octave frequency band, the variation
of lateral attenuation with elevation angle was investigated for bands of
propagation distance. The bandwidth of these bands varied with
propagation distance. At relatively short distances (less than 300 m),
the bandwidth was one-half the maximum value of the propagation distance,
and at long distances (greater than 1000 m), the ratio of propagation
distance bandwidth to the maximum propagation distance in that band was
approximately 1:5.

A typical example of the variation of one-third-octave-band lateral
attenuafion with observer angle, using data from one of the_larger data
sets (four engines below the wing), is presented in Sketch~AB.1. The
different symbols indicate values of lateral attenuation for different
sound-radiation angles. However, within the general data scatter it was
not possible to identify any trend in the variation f’latergl attenuation
with solind-radiation angle. The 1line shown in this‘Sketch AB.1 is the
final correlation line, taken from Figure 14, for<a propagatilon distance
equal t¢, or greater than, 1200 m.

20(

6,deg
60
75
90
105
120

> a x o0 O

R=>1200m
Frequency = 1 OkHz

dB

¢, deg
Sketch A.3.1 Variation of IkHz one-third-octave-band lateral attenuation with observer angle.

From observations of the correlations of one-third-octave-band lateral
attenuation against observer angle from different airplanes, the lateral
attenuation data were divided into two categories: those for wing-mounted
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A.3.2 Data Correlation (Cont'd.):

engine installations and those for engines mounted on the side of, or in
the center of, the fuselage. Within each category the data showed
consistent trends. For example, data for wing-mounted engine
installations had negative values of lateral attenuation in all frequency
bands at observer angles greater than 30 degrees, whereas the airplanes
with only rear-mounted engines did not show this trend. Typical
variations of Yateral attenuation with observer angle for the two engine
installations ar~ presented in Sketch A.3.2.

8T
7h
6 -
5 -
4 Engines on side of,0r
A, center of, fuselage
d8
3 -
2r Engines
below the
L wing
0 t 1 t + } +—— ¥ {
10 20\ 30 4 50 60 70 80 90
-1k ¢, deg
_.2 L
Sketch.A.3.2 Typical variations of lateral attenuation with observer gngle.
The 1ines 'shown in Sketch A.3.2 were constrained, by definition, to be
zero for-@ 90-degree observer angle. The difference between|one-third-

octave-band Tateral attenuation for the two airplane/engine configurations
may be caused by an installation effect, although, at the time this AIR
was issued, no validated explanation was available for the negative
attenuations* (i.e., increased sound pressure levels) at certain observer

*Possible reasons for the negative attenuations are effects associated with the
airplane configuration and engine installation such as refraction effects that
may have occurred when sound from wing-mounted engines propagated through the
vortices shed from the wing tips or edges of extended flaps. Other possible
reasons for negative attenuations include: refraction effects that may have
occurred as the sound propagated through wind and temperature gradients or
atmospheric turbulence; and nonlinear propagation effects for the higher-
amplitude sound produced by older models of low-bypass-ratio turbofan engines.
Data available for the development of the prediction method described in this AIR
were not sufficient to verify these, or other, explanations for the negative
attenuations.
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A.3.2 Data Correlation (Cont'd.):

A.3.3

angles. No negative attenuations are shown in Reference 1 for
time-integrated, frequency-weighted quantities, although for one airplane
with engines mounted below the wing, there were data used in the
development of the method in that Reference that indicated negative
attenuation at elevation angles greater than 35 degrees for effective
perceived noise lTevel and A-weighted sound exposure level.

Invest1gat1on of the corre]at1on of one- th1rd octave band lateral
: ! 1m1ted ranges

installptions, gave relationships of the form shown in Sketch A.3.5.
Again, po validated explanation was available for the appearance of the
minima [in Sketch A.3.5. However, it-is likely that the variation between
the curjes for the two engine instal¥ations may be at least partly
explaingd by differences in airframe sound reflection and shielding
effects| between the two airframe/engine configurations.

Accuracy of Data: For the(procedure used to determine one-third-octave-

band Tafteral attenuation, it was necessary to estimate sound|pressure
levels,| under-the-flight-path, at distances other than those|at which
measurements were taken. The calculation of the one-third-o¢tave-band
sound pressure levels at these distances involved the extrapglation of a
referente spectrum using reference values of atmospheric att¢nuation
rate. [onsideration of the calculation of the réeference speg¢trum, from
under-the-flight-path spectra measured over a range of heights, provided
an indigation of the accuracy that was achieved in the analygis for
lateral| attenuation. Ground reflection effects were first removed from
each oné-third-octave-band sound pressure 1evel spectrum measured under
the flight path. The equivalent free-field sound pressure levels were
then adjusted to a common distance of 100 m from the equivalent source of
airplane noise. For each one-third octave band, a first order regression
analysis was then carried out on the sound pressure levels as a function
of slant distance. The slope of the regression line gave the prevailing
atmospheric attenuation rate and the regression line value at 100 m gave
the reference sound pressure level. The spectrum at the reference
distance of 100 m and the derived test-day atmospheric absorption values
were used to estimate the equivalent under-the-flight path spectrum at any
distance greater than 100 m.
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Sketch A.3.4 Variation of lateral attenuation with frequency.
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A.3.3 Accuracy of Data (Cont'd.):
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Sketch A.3.5 Typical variations of lateral attenuation with frequency.

Examplep of the regression analysis for the oneé-third octave |bands
centerefl at 250 Hz and 2 kHz are presented in. Sketches A.3.6[and A.3.7

respectfively.
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70N Slope = + 014 dB/100m
rms errpr=2 56dB
60+
50— L [ S Y S S I S S R R ] _
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Propagation distance, m

Sketch A.3.6 Regression analysis for the one - third—octave - band sound pressure
level at 0-25 kHz, under the flight path.
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A.3.3 Accuracy of Data (Cont'd.):
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Sketch A. 3.7 Regression analysis for the.one-third-octave - band sound pressure level at
2- 0 kHz, under the flight path.

The root-mean-square error* of the regression analysis was fqund to be
frequen¢y dependent and-had a value of between 1.0 and 2.5 dd. An example
of the Variation with'\frequency of the one-third-octave-band |root-mean-
square error is presented in Sketch A.3.8.

1/2
(measured SPL - regression analysis SPL)2
number of SPL measurements

* rms error =
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A.3.3 Accuracy of Data (Cont'd.):
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Sketch A.3.8 Variation with frequency of the rms error of the regression analysis.

As a fyrther<check on the internal consistency of the data-apalysis

procedyre;.the slopes of the regression lines were compared with
atmospheric absorption coefficients from SAE ARP 866A. In general there
was gocﬂ‘agTEEmEnt—bétWEEn—thE—mEa§U?Ed—and—caTcuTatEd—vaTUGL of

atmospheric attenuation.

Because lateral attenuation was calculated from differences between the
extrapolated "free-field" under-the-flight-path sound pressure levels and
the "free-field" sideline sound pressure levels, the error in the values
of lateral attenuation is not less than that in the under-the-flight-path
data. The variation of the root-mean-square error with frequency, derived
from comparing the prediction procedure with the measured data, for one of
the larger data sets is shown in Sketch A.3.9.
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A.3.3 Accuracy of Data (Cont'd.):
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Skefch A.3.9 Vvariation with frequency-of-the rms error of one- third-octave—band lateral
attenuation.

The statistical error _gaused by insufficient sampling time ipcreases as
frequency decreases and may be significant for one-third octhve bands at
frequencies below 100 Hz for averaging times of 0.5 second, or less. At
frequencies greater than 4 kHz, the true sound pressure leve| from the
airplane noise source is often not measurable because the signal level is
close to the<level of the background noise. However, at the|typical
sideline distances over which the data are likely to be used} it is the
sound préssure levels of the mid-frequency bands (0.5 to 2 kHz) where the
rms er . f frequency
normally determine the magnitude of frequency-weighted quantities such as
A-weighted sound level and perceived noise level at sideline locations.

The considerable scatter in the data (see Sketches A.3.1, A.3.3 and A.3.4)
may be the result of errors in source location and airplane tracking, the
effect of a non-homogeneous and turbulent atmosphere (which would cause
the measured levels to vary with time), and background noise from ambient
sound or electronic noise in the instruments used for data acquisition and
analysis. For airplanes with the same types of engine installation, it
was not possible to differentiate between results for different sound
radiation angles as the results lay within the data scatter. However, for
the two general types of engine installations for which data were
available, there were significant differences in the values of lateral
attenuation, and hence data are presented separately in this AIR for

airplanes having under-wing engines and fuselage-mounted engines.
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During the flight tests to obtain the noise

data analyzed for lateral attenuation, the meteorological conditions were
generally good with no reported temperature inversions and with Tow wind

speeds at ground level.

limits typically allowed for noise-certification tests. For
meteorological conditions the effect of refraction, caused by wind and

temperature gradients, should have been small for the range of observer
angles considered. However, for observer angles less than fi
there was an increase in the data scatter, even under good meteorological
test conditions.

A.4 NOMENCLAT

JRE ¢

AL

XsY,2Z

one-third-octave-band lateral attenuation of. free-
pressure level

distance along flight track between airplane and ¢
Sketch A.2.1)

ground-reflection effect (spectral irregularities
or 6 dB factor for the influence of the ground pla
sound pressure level measured by pole-mounted or ¢
microphones, respectively)
height (see Sketch A.2)1)
far-field sound pressure level*

sideline or Tateral distance (see Sketch A.2.1b)

attenuation of sound pressure level due to spherig
spreading: and atmospheric absorption

sound propagation distance between centroid of eng
and observer (see Sketch A.2.1)

cartesian coordinates (see Sketch A.2.1)

Air temperatures and humidities aloft were within

good

ve degrees,

field sound

bserver (see

plus a 3 dB
ne on the
round-plane

al wave

ine exhausts

angle of radiation relative to engine axis (see Sketch A.2.1)

observer angle, i.e., angle in vertical plane, between line

joining observer and centroid of engine exhausts a

nd the

projection of that line onto the ground plane (see Sketch A.2.1)

*The reference sound pressure is 20 micropascals for all sound pressure levels.
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A.4 NOMENCLATURE (Cont'd.):

Subscripts

a airplane

f free-field

m measured

0 observer

s sideline

u under-the-flight path
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TABLE 1. Lateral attenuation data for the two engine-installation types.
Figure Number
one-third engines mounted engines mounted
octave band below the wing on the side or
npminal the center. of
center freq., the fuselage
Hz
50 1 25
63 2 26
80 3 27
100 4 28
125 5 29
160 6 30
200 7 31
250 8 32
315 9 33
400 10 34
500 11 35
630 12 36
800 13 37
1 000 14 38
1 250 15 39
| 600 16 40
P 000 17 41
P 500 18 42
B 150 19 43
L 000 20 44
b 000 21 45
b 300 22 46
8600 23 47
10 000 24 48
Note: On the figures R = 200 m and ¢ = 10 deg denote the horizontal

scales of sound propagation distance and observer angle,
respectively, for interpolation between the plotted carpet
lines.
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Engines mounted below the wing. One-third-octove-band center frequency = 50 Hz
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FIGURE 1
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Engines mounted below the wing. One - third-octave-band center frequency = 63 Hz
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FIGURE 2



https://saenorm.com/api/?name=164c4b2679e8ce159584f553b51d8248

x

Pk v . .

BRI N N
sen ‘ N N
N . v N sy

Engines mounted below the wing. One-third-octave-bond center frequency = 80 Hz
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Engines mounted below the wing. One-third-octave-band center frequency = 125 Hz
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Engines mounted below the wing. One - third- octave-band center frequency = 160 Hz
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Engines mounted below the wing. One-third-octave-bond center frequency = 250 Hz
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Engines mounted below the wing. One-third-octave-band center frequency = 315 Hz
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Engines mounted below the wing. One-third-octave-band center frequency = 400 Hz
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Engines mounted below the wing. One - third-octave-band center frequency = SOO Hz
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Engines mounted below the wing. One-third-octave-band center frequency = 1000 Hz
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Engines mounted below the wing. One - third-octave-band center frequency = | 250 Hz
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2000 Hz

Engines mounted below the wing. One - third-octave-band center frequency
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5000 Hz

Engines mounted below the wing. One - third-octave-band center frequency
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FIGURE 22
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Engines mounted below the wing. One- third-octave-band center frequency

'
>
H
i

ey

crs

S

PP RS

e
»

FIGURE 23

e .
i shwon
i %5
1 sy
i wneg
i wxw
i »¥3e
bx w70 e
i% 2%
Coowwde o oanof
& R PEBE wawsod
W TR, e
SR GEBNE o
o % e
* s ¥ TERE
mi ARER
v Lumw
wew RO
wm uue
“ . BAERAR
FERRBSBABENAS " w. “HBRE
FERBENEREPAN " " x "
FnaEYERE e w "8 NASAR RN
senmnNen aman nus
SCHPEARSRSANS S zanu AMERSARE
rEROBENRSRS rT

PrgiEENRISERRENS

ARARMSENENR BN ORE



https://saenorm.com/api/?name=164c4b2679e8ce159584f553b51d8248

- 51 -

10000 Hz

-octave-bond center frequency

Engines mounted below the wing. One - thi
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