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SUMMARY

A flight experiment was conducted to investigate the lateral attenuation
of high-by-pass ratio engined airplanes. A B-747 was flown at Tow altitudes
over the ends of two microphone arrays. One array covering a lateral distance
of 1600 m consisted of 14 microphones positioned over grass. The second array
covered a lateral distance of 1200 m and consisted of 6 microphones positioned

over a concrete runway. Sixteen runs were flown at altitudes ranging from
30 to 960 m.

The acoustic information recorded in the field has been reduced to
one-third-octave band spectral time histories and synchronized with tracking
and weather information. Lateral attenuation as a function"of elevation angle
has been calculated in overall, A-weighted, tone-corrected perceived noise
level, and effective perceived noise level units.

The B-747 results are compared with similar results for a turbojet-
powered T-38 airplane and the SAE-recommended lateral attenuation prediction
procedure. Less lateral attenuation was measured for the B-747 than for the
T-38. The B-747 lateral attenuation values also fell below the SAE curve.

The B-747 source spectra have considerabie energy in the low and high fre-
quencies. The low frequency content was not strongly affected by ground
effects or atmospheric absorption and became dominant in the measured spectra.
The amount of lateral attenuation (in terms of integrated metrics) of a
particular noise source appears to depend strongly on the spectral content

of the noise source and the frequency dependence of the ground effects.

INTRODUCTION

Lateral attenuation of aircraft noise is a significant factor in calcu-
lating the community noise exposure around airports. The FAA, other interna-
tional air transportation authorities, and community planners require sound
technical methods upon which to base noise contour calculations. Therefore,
the SAE A-21 Aircraft Noise Committee in the past year collected all the
existing available data on lateral attenuation of aircraft to develop an
interim method of lateral attenuation prediction which has been published
as an Aerospace Information Report (ref. 1). One of the key sets of data
was the T-38 experiment (refs. 2 and 3) which contains over 400 lateral
attenuation measurements. At the same time, the committee recognized that
in the available lateral attenuation data base, very few data points were
associated with high-by-pass-ratio engines. The B-747 lateral attenuation
experiment was undertaken to fill this gap in the available lateral attenuation
data base.

The purpose of this report is to present the lateral attenuation results
of the B-747 experiment in terms of integrated metrics. The experiment,

NS/- 25862 #



including data reduction, is discussed in the next section of this report,
followed by sections on the data analysis and results. The final sections
of the paper include discussions of the results and concluding remarks.

EXPERIMENT
Test Site and Aircraft

The flight experiment was conducted on November 2, 1980, at NASA Wallops
Flight Center, Wallops Island, Virginia. The test aircraft was an American
Airlines Boeing 747-123 (tail number N9666) with JT9D-3A engines. The engines
had fixed inlet 1ips and no splitters. The test airplane was flown at
altitudes of 30, 60, 120, 240, 480, and 960 m over the ends of two microphone
arrays. One array covering a lateral distance of 1600 m consisted of 14
microphones positioned over grass. The second array covered a lateral
distance of 1200 m and consisted of 6 microphones positioned over a concrete
runway. The majority. of the microphones were supported 1.2 m above the
ground plane.

A photograph of the experimental site is given as figure 1. The flight
path was above runway 10-28 from the west toward the east. The microphone
arrays were positioned along runway 04-22 and the grassy area between runway
04-22 and its taxiway. A detailed description of the runways and the grassy
areas is given in reference 3. A diagram of the microphone layout is
presented as figure 2 which includes the microphone numbers and heights.

The coordinates of the microphones are given in Table I in the data reduction
coordinate system (defined in the data reduction section).

Figure 3 is a photograph of the American Airlines B-747 on the ground
at Wallops and figure 4 is a photograph of the airplane flying at 30 m over
the microphone arrays. The airplane was tracked with a laser tracker. The
laser reflector housing equipped with a backup C-band radar transponder and
battery pack was mounted underneath the port wing tip near the trailing
edge of the wing. Figure 5 consists of close-up photographs of the assembled
laser reflector housing with the transponder and the battery pack. The
installation of the laser housing which weighed 29.9 1bs (with the trans-
ponder and battery pack) is shown in figure 6.

Sixteen runs were completed; the run conditions are listed in Table II.
The airplane was flown with all four engines at a constant engine pressure
ratio with the landing gear, gear doors, and flaps deployed. The engine and
airplane conditions as recorded in the cockpit are given in Table III.

Weather information was gathered from four weather stations positioned
along the microphone arrays. One of the four stations was mounted on a
mechanical traversing arm to accurately measure weather parameter profiles
up to a height of 2 m. A retrievable balloon was used to raise a fifth
weather station to make higher weather parameter profiles with less spatial
resolution.



Acoustic Data Reduction

The acoustic data collected for the 16 runs have been reduced to
one-third-octave band spectral time histories and synchronized with the
tracking and weather information. The acoustic data were reduced with an
averaging time of 1/4 second. The frequency range of the one-third-octave
band analysis was from 20 Hz to 10 kHz. The recorders were turned on in
the field for each run when the airplane was incoming and just beyond two
miles from the intersection of runways 04-22 and 10-28. Turning the recorders
on early provided ambient measurement for each microphone for each run. Each
microphone system (see figure 7) was tested before going into the field to
insure that the equipment operated within the manufacturer's specifications.

A pre- and a post-calibration was performed on each system in the field.

The pre-calibration involved an amplitude and a pink noise calibration.

The post-calibration was a check on the stability of the amplitude calibra-
tion. In the data reduction process, the pink noise calibration was used to
insure a flat frequency response of the record/playback systems. The acoustic
data were not corrected to standard day weather conditions.

Tracking Data Reduction

The laser tracker lost track of the airplane for a brief period due to
the close proximity of the flight path to the tracker, coupled with the slew
rate of the tracker pedestal. The possibility of this occurring was known
(refs. 2 and 3), but design requirements of the experiment excluded other
possible microphone/flight path layouts. The average gap per run was
11 seconds. During the tracking data reduction, straight lines were com-

puted to fill the gaps and a 21-point sliding average was performed on each
flight track.

Tracking information was recorded every 1/10 second. The tracking data
were transformed from spherical coordinates referenced to the laser tracker
to Cartesian coordinates referenced to the intersection of runways 04-22
and 10-28. The Cartesian coordinate system, referred to as the data reduction
coordinate system, is illustrated in figure 8. The tracking point on the
airplane was changed during the data reduction from the laser housing mounted
on the port wing tip to the geometric center of the four engine exhausts.

Weather Data Reduction

The weather data from the five weather stations have been organized
and transformed where needed into a consistent set of data in metric units.
Weather data from the balloon weather station are illustrated in figure 9.
Profiles of temperature, relative humidity, and wind speed are given in
the figure. The data were taken at approximately the time of run 8. The
wind was generally from the northwest during the test.



DATA ANALYSIS

The method used to calculate lateral attenuation is a comparative method
in which a one-third-octave band spectrum from a particular microphone, called
the measurement microphone, is compared for the same run with a one-third-
octave band spectrum from a second microphone, referred to as the reference
microphone, positioned underneath the flight path. The reference spectrum is
brought to the same slant range in terms of spherical spreading and atmospheric
absorption as the measurement spectrum. The two spectra to be compared are
selected from their respective microphone time histories using a source
directivity angle criterion. The angle criterion insures that both spectra
are emitted with the same source emission angle and propagated over the
same surface. Lateral attenuation is defined as the difference between the
reference spectrum and the measurement spectrum.

Single Spectra Analysis

For overall, A-weighted, and tone corrected perceived noise level
analysis, the one-third-octave band spectra emitted with an emission direc-
tivity angle of 122.5 deg, (referenced to the forward inlet direction, see
fig. 10) are selected to be the reference and measurement spectra. Because
of the oblique angle between the microphone arrays and the flight track in the
experiment, the sound emitted from the airplane at an emission angle of
122.5 deg propagated parallel to the microphone arrays. The portions of
the microphone signals selected with the 122.5 deg angle criterion have the
same source origin and propagated over the same surface. For a particular
measurement microphone and run, a receive time is calculated for the micro-
phone for the sound emitted at 122.5 deg. The two one-third-octave band
spectra located on either side of this time in the microphone time history
are averaged. The average spectrum has an effective averaging time of one-
half second and is integrated to form the desired metric. For the same run,
a reference microphone, usually microphone 1, is chosen and an average one-
third-octave band spectrum is obtained in the same manner. Before integrating
to form the same metric, spherical spreading and atmospheric absorption
corrections are applied to bring the reference spectrum to the same slant
range as the measurement spectrum. Atmospheric absorption corrections are
calculated using the American National Standards Institute (ANSI) standard
method for the determination of molecular absorption (ref. 4). The measure-
ment value is subtracted from the reference value to form the lateral
attenuation result. A positive lateral attenuation value denotes an
attenuation.

Spectral Time History Analysis

For effective perceived noise level, EPNL, analysis, the measurement
value is calculated directly from the measurement microphone time history.
The corresponding reference EPNL value for the same run is calculated in the
following manner: The emission angles for each one-third-octave band spectra
of the measurement microphone time history are calculated. Each one-third-
octave band spectrum in the measurement time history is replaced with a
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spectrum from the reference microphone for the same emission angle. The
reference microphone spectra are corrected to the same slant range as the
measurement spectra they replace. In this manner a reference time history
congruous to the measurement time history is formed and is used in the
reference EPNL calculation. The measurement EPNL value is subtracted from
the reference EPNL value to yield a lateral attenuation measurement.

In order to make the reference EPNL calculation more efficient, average
reference spectra are used. Instead of replacing the spectra of a particular
measurement time history with spectra from the reference microphone for the
same run, the measurement spectra are replaced with the average reference
spectra. The average reference spectra are formed by averaging spectra for
microphone 1 for the first ten runs. To represent the source emission angles
from 0 to 180 degrees, 22 average spectra are used. The average reference
spectrum of the 22 closest to the emission angle of a particular measurement
spectrum is used to replace that measurement spectrum to form the reference
time history.

Results

Overall sound pressure level, SPL, A-weighted sound pressure level, LA,
tone corrected perceived noise level, PNLT, and EPNL average results as
a function of elevation angle are given in figures 11-14 respectively. Data
are given for all the 1.2 m microphones positioned over grass (microphones
1, 3, 4, 6, 7, 8, 10, 11, and 13) for runs 1-12. The data for individual
microphones for similar runs are averaged. For. example, the results for
microphone 4 for runs 1, 2, 7, and 8, all 30 m runs, are averaged to form a
single data point. The results for runs 3, 4, 9, and 10 (60 m runs), for
runs 5 and 6 (120 m runs), and for runs 11 and 12 (240 m runs) are also
averaged. The reference microphone for all the results was microphone 1,
the closest 1.2 m microphone positioned over grass to the airplane flight
track. The data plotted in figures 11-14 are listed in Table IV along with
the average results for the 10 m microphones positioned over grass, micro-
phones 5, 9, and 12. Also included in Table IV are the individual reference
and measurement integrated metric values. Measurement EPNL values for
microphone 20 for all the runs are listed in Table V. The elevation angles
and slant ranges used in the figures and the tables are the closest approach
values.

In figures 15 - 18 the results of least-squares fits of the data
presented in figures 11 - 14 are given and compared with similar T-38 excess
ground attenuation experimental results. The least-squares fits of the .
B-747 and the T-38 results are second order and constrained to be 0 at 90 deg.
The least-squares fit coefficients for the B-747 results are given in Table
VI. No overall T-38 results have been calculated, therefore none are given
in figure 15. The long range (SAE AIR 1751) lateral attenuation prediction
curve is included in figure 18 for comparison with the B-747 and the T-38
EPNL results.



DISCUSSION OF RESULTS

The measured lateral attenuation was less for the B-747 experiment than
for the T-38 experiment. The B-747 EPNL results also fell beneath the AIR
1751 long range lateral attenuation prediction curve. The comparison of the
long range curve and the B-747 EPNL results is valid for small elevation angles
because the slant ranges associated with the small angle data are greater
than the 926 m criterion given in the AIR. A reason that less lateral atten-
uation was measured in the B-747 experiment is the acoustic energy distribu-
tion in the B-747 source spectra.

The B-747 source spectra have considerable energy content in the Tow and
high frequencies. An average estimate free-field source spectrum for the
B-747 is illustrated in figure 19 for an emission directivity angle of 122.5
degrees. The spectrum in figure 19 is an average of 50 spectra; spectra were
obtained for an emission angle of 122.5 deg for microphones 1, 2, 15, 16, and
17 for runs 1-10. A ground effects prediction (ref. 2) was made for each
spectrum and used to. remove the influence of ground effects before averaging.
A strong fan tone at 4 kHz 1is observed in the spectrum as well as considerable
acoustic energy in the one-third-octave bands less than 100 Hz.

The fan tone is rapidly attenuated by atmospheric absorption because of
its high frequency. The effects of ground attenuation are the greatest in
the frequency range of 200 to 400 Hz (ref. 2). The acoustic energy below
100 Hz is not affected strongly by ground attenuation or atmospheric absorp-
tion and remains dominant in.the measurement spectra. An average measurement
spectrum for microphone 10 for the 30 m runs and an emission angle of 122.5
deg is shown in figure 20. The fan tone has been greatly reduced, the ground
dip is observed above 100 Hz, and the energy below 100 Hz dominates the spec-
trum. Because of the low frequency penalty of A-weighting, lateral attenuation
of a source spectrum with Tow frequency content in A-weighted units would be
expected to be greater than lateral attenuation measured in overall units.
This is clearly observed in the B-747 results (figs. 15 and 16).

The amount of lateral attenuation a particular noise source will
experience is dependent on the spectral content of the noise source. A larger
amount of integrated lateral attenuation was measured in the T-38 experiment
than in the B-747 experiment because the spectral shape of the T-38 noise
source more closely matched the spectral shape of the ground effects. In
figure 21 an estimate of the T-38 free-field source spectrum is compared with
the B-747 source spectrum given in figure 19. The T-38 spectrum was obtained
in the same way the B-747 spectrum was obtained. Where the T-38 noise source
had a lot of acoustic energy, the ground effects were the largest. The
influence of the ground effects was, therefore, greater on the T-38 data
in the integrated analysis. The match between the ground effects and the
spectral shape of the B-747 data was not as good and the resulting integrated
lateral attenuation values were smaller.

The majority of the data that went into the lateral attenuation prediction
curve of AIR 1751 were not for high-by-pass engined airplanes. The higher



frequency noise content of the smaller engined airplanes resulted in a better
match with the ground attenuation frequency dependence and, therefore, in
more measured lateral attenuation in the integrated metrics. One set of

data for a B-747 was presented at the Lateral Attenuation Plotting Session
and incorporated in the AIR. The previous B-747 data fall below the AIR
prediction curve and are in Tine with the Wallops B-747 data (see fig. 22).

CONCLUDING REMARKS

Lateral attenuation in integrated metrics for a high-by-pass ratio
engined airplane, a B-747, were measured in flight and found to be less
than for a turbojet-powered airplane, a T-38. The high-by-pass ratio results
also fell beneath the SAE recommended interim lateral attenuation prediction
curve. The lateral attenuation results of the present study were in agree-
ment with a previous set of limited data for a B-747.

The measured lateral attenuation differed for the two airplanes because
of spectral differences in their noise spectra. The maximum acoustic energy
of the T-38 source spectrum was located in the same frequency range, 100 -
500 Hz, as the largest ground effects. In the case of the T-38, larger
values of lateral attenuation were measured because ground effects greatly
reduced the dominant frequency bands of the T-38 source spectrum. The B-747
source spectrum had considerable energy content less than 100 Hz. This Tow
frequency acoustic energy was not affected greatly by ground effects or
absorption. The low frequency content of the B-747 noise source remained 1in
the measurement spectra. The integrated values of the measurement spectra
were dominated by the low frequency content and less lateral attenuation
was measured. The amount of lateral attenuation in integrated metrics of
a particular noise source depends strongly on the spectral content of the
noise source and the frequency dependence of the ground effects.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665
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—1149.61 79.25
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—1388.97 0.0
250.00 33.34

TABLE 1. Microphone Coordinates

Z, m

1.20
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1.20
1.20

- 10.00

1.20
1.20
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10.00
1.20
1.20

10.00
1.20
1.20
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1.20
10.00

1.20
1.20

1.20



ol

RUN
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10
11
12
13
14
15
16

ALTITUDE, m

30
30
60
60
120
120
30
30
60
60
240
240
480
480
960
960

TABLE 2. Test Matrix.
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RUN EPR N, ALT, §t s dag C
1 2 3 4 1 2 3 4 RAD | BAR STA| TOT
1] 1.20 1.20 1.20 1.20 .79 .80 .80 .76 [ 120 120|173 [10 14.2
21123 1.20 1.20 1.18 (.80 .80 .80 .75 | 120 120 {179 |10 i4.%
3| 1.20 1.20 1.20 1.21}.79 .77 .79 .77 | 240 240 ]i87 |10 i3.5
41121 1.21 1.21 1.21].79 .78 .B0O .78 | 230 240 /169 |10 13.5
5| 121 1.21 1.22 1.20 |.78 .78 .80 .78 | 450 420 {163 |9 13.2

6 | 1.21 1.20 1.21 1.20].79 .77 .7% .77 | 430 420|183 |9 12.8
7| 121 1.20 1.20 1.21 (.79 .77 .79 .77 | 130 18D |174 [10 13.7
8| 1.20 1.20 1.20 1.20|.78 .77 .79 .76 {120 160 {171 |10 13.7
9| 1.20 1.20 1.19 1.21}.79 .77 .78 .77 | 200 260 /181 {10 13.8
10 | 1.20 1.20 1.20 1.20|.78 .77 .79 .75 | 210 240|137 {10 12.9
11 ] 1.20 1.20 1.21 1.19}.78 .76 .78 .76 | 750 800{161 | 8 12.0
12| 1.20 1.20 1.20 1.20}.78 .76 .78 .76 | 780 820163 | 8 12.2
13] 1.20 1.20 1.20 t.20].77 .75 .77 .75 1600| 157 6 9.9
14| 1.20 1.20 1.20 1.20|.77 .76 .78 .76 1620 157| 6 9.6
15| 1.20 1.20 1.20 1.20|.78 .76 .79 .76 3200] 176 2 6.0
16 | 1.2t 1.21 1.21 1.20|.78 .76 .78 .75 3200| 159| 2 5.7

NOTE: For all runs the gear was down with doors open and flaps set at 30 deg.
For run 9 the flaps were blown back to a 25 deg setting.

TABLE 3. Engine Run Conditions
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16,4 -¢,5
15,95 P b
14.3 =1,2
2,4 D,8
het 1,8
6,3 4,2
5.5 1,9
4,6 1,8
4,4 2.3
4,1 1,6
11 amo 12
LOg¥
ANGLE SPL
deq . =13
57.9 2.0
57.5 -'Z.U
4,9 -0, 6
321@ '1.?}
29-3 'ﬂ.l
19-1 .2.1
15.6 .3
12.5 P,2
12,1 1,5
10.3 1.7
8.8 2.7
845 3.5
7.6 2,2

LATERAL ATTENJATION

LA
.k}

WiV NN R Q@

NODIINCCNUN = O0®

LATERAL
LA
a8

NV NHWNNVUD D

N O NNUN = DWW

PNLT EPNL
aB L1}
30@ .1'3

-1I6 -1.5

2,7 -ﬁ.q
1.3 2,0
elb ' ‘.G
3la 3.3
246 u,p
slq 5.5
Uo7 S.2
3.7 Tel
2.9 749
B.5 3.7
2.8 6.7

ATTENUATION

PNLT EPNL
o8 d8
2,0 2,4
-1.1 .?*aa
=2,4 -0, 9
],4 2,6
0,5 0,2
1.2 1,3
3.2 1.9
2.5 3,2
3.8 3.4
4,3 4,5
S+ 6.5
2.1 3.7
Sed 6.1



RUN SLANT

. NO, RANGE
~

i 137,6
° 137.6
3 147,11
ua 147,11
5 18,1
6 180,1
7 137,6
8 137,46
9 147,
12 147,14
11 275.9
12 275,4¢
13 438, 4
14 198 ,4
15 69,4
16 Q4Q, U

ELEVATION
ANGLE
den

12,6
12.6
24 .1
28 .1
a1, 8
a1, 8
12,6
12,6
201
eh, 1
(30;‘%
bV, 8
74,0
74,4
g2 ,@

a2,

EPNL
dB

1729,6

185,3

126,80
195,4
125,7
106,1
105,1
105,46
1e4d,9
125,2
125,9
16,0
121,7

98,2

97,

93,6

TABLE S. Measurement EPNL Values for Mic 20.
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Gl

CO
SPL 3.063
LA 4.523

PNLT 3.840

EPNL 8.818

C1

—-2.887
-0.899

-0.475

-4.536

C2

0.491
-1.023
-1.176
-0.611

where: Y = CO + C1xX + C2aX?
with X = LOG( Elevation Angle, deg)

TABLE 6. B—747 Least—squares Fit Coefficients

T™2.TVG
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FIGURE 1. PHOTOGRAPH OF EXPERIMENTAL SITE.
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FIGURE 3. PHOTOGRAPH OF TEST AIRPLANE,

FIGURE 4, PHOTOGPAPH OF TEST AIRPLAWE IN FLIGHT.
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FIGURE 5. LASER REFLECTOR HOUSING.
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FIGURE 6. LASER REFLECTOR HOUSING IWSTALLATION.
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Figure 13. B—747 Lateral Attenuation Results in PNLT
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Figure 14. B—747 Lateral Attenuation Results in EPNL
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€e

B

lllr']

Level re .00002 N/m? dB
[+ ]

'Ulflllillllflllllll

1 1 Llllul 1 1 ll_llLLl 1 1 llllll’

100 1000 10000
Frequency, Hz |

oo
o
o

Figure 19. Average B—747 122.5 deg Freé—fiéld Spectrum at 50 m



ve

70 —
@ F
O 65
~ -
£ 60
N -
Z 55—
2; -
oI
o -
Sy
o F
°®
>
o B
._‘ =
30_"_[ [} llllllll llLllllll lllllll_Ll
10 100 1000 10000

Frequency, Hz

Figure 20. Average B—747 122.5 deg Spectrum for Mic. 10 for 30 m Runs



133

B—747 50 m Free—field Spectrum
-------------- T—38 50 m Free—field Spectrum

105

o
o

[V
wn

85

3
[ﬂll"Tll'lllllTllll[lll'

80

75

Level re .00002 N/m?, dB

70

l’lTl'lrlllrrrl

6% |E 1 1 llllll] 1 1 lllllll i 1 lLlLllJ

100 1000 10000
Frequency, Hz

-

Figure 21. Comparison of B—-747 and T—38 Free—field Source Spectra.
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