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Background and Objectives:

The Federal Aviation Administration (FAA) has conducted numerous flight
tests of small propeller-driven aircraft in support of developing aircraft
noise regulations. Those tests typically measured ground-level noise
resulting from high power/high RPFM airerafec operation. However, there is
also interest, at the opposite end of the power/RPM spectrum, in examining
the aural detectability of a given airecraft operating at minimal flight
conditions of low power and low RPM. Such information on "how quiet an
aircraft can operate" is of interest to aircraft operators who may
routinely and intensively operate small aircraft over noise-sensitive
communities. At the request of the Federal Bureau of Investigation (FBI),
the FAA in cooperation with the Department of Transportation's,
Transpertation Systems Center (TS5C), the Department of the Kavy, and the
FB1's Aviation and Special Operations Unit conducted a flight test to
characterize noise emissions from selected aircraft operating at minimal

flight conditions. This report presents results from the flight test.

Specific objectives were to measure or determine, under minimal flight

conditions, the:

(1) differences in noise emissions from selected aircraft models;



(2) difference in noise emissions between a 2-blade and a 3-blade

propeller;

(3) dominant source of noise (i.e., propeller or engine exhaust);

(4) additional noise produced by increases in manifold pressure and flap
settings.

Subsequent to the flight test, measurements of community neise were made

for comparision to aircraft noise on an aircraft detectability basis.

This report also pPresents a general discussion of community noise levels

as well as a discussion of the influence of ground-reflected aircraft

noise on aireraft detectability.

Test Adirecraft

The following three fixed-wing aircraft were flight tested:

(1) Cessna 1B2RG equipped with a 2-blade propeller (82 inch diameter);
(2) Cessna 182RG equipped with a 3-blade propeller (79 inch diameter).
(3) Cessna 210 equipped with a 3wblafe propeller (80 inch diameter).

Cessna 1825 are powered by Aveo-Lycoming 0-540-J3C5D six cylinder engines,

A rotary-wing aircraft, a Bell Helicopter 206, was also included in the

flight test.




Location:

The test was conducted on the airfield of the Naval Surface Weapons Center
at Dahlgren, Virginia. The airfield has one active runway (16/34; 4000
ft. X 150 fr.). The airfield also has an inactive East/West runway and an
abandoned runway oriented North/South. Fipure 1 illustrates the TUnWay

locations, microphone positions and the flight pattern.




FIGURE 1 FLIGHT TEST LOCATION
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Test Plan:

All fixed-wing events (flybys) were level flyovers. Each aircraft flew
the same set of test series listed in Table 1. 4 series is a set of
replications of a given flight condition. The basic series (4, B, and C)
were all flown eastbound at 300 feet AGL. Series A, the reference series,
was flown at 16 inches manifold pressure, 1900 RPM, and 10 degrees
flaps--operating variables previously identified as the most common
minimal flight conditions for the 2-bladed 182. Series B was to test the
noise impact of increasing manifold pressure by 2 inches. Series C tested
the impact of increasing flaps from 10 degrees to 20 degrees. Series D
and E were replications of the eastbound reference A series except at
altitudes of 200 feet and 100 feet respectively. Series F, G, and H
duplicated series A, D, and E in the opposite direction (westbound).
Series D,E,F,G, and H were included in the event the basiec test series
(A,B, and C) did not provide adequate signal-to-noise ratic for analysis,
and to verify the results of the sideline directivity analysis. Data from
the A,BE, and C series were found to be adequate and will be discussed in
the feollowing sections, Data from 2ll series are presented in the

appendixes.

Eastbound series were flown in a left-hand pattern as depicted in

Figure 1. The south edge of the east/west runway was used as the flight
track reference centerline, The runway edge (pavement/grass interface)

functioned as a wisual alignment cue for both the pilot and flight track
observer on the ground. The observer radiced course corrections to the
pilot if the aircraft deviated from the desired flight track. For those
series flown westbound, the pattern was TEVEréed using thé 5ame TUunway

edge as the centerline.



Table 1. Target Test Flan

: *
SERIES DIRECTION ALTITUDE MANTIFOLD PRESSURE EPH* FLAPS

(ft.) (inches Hg) (percent)
A EAST 300 16 . 1900 10
B EAST 300 18 1300 10
[ EAST 300 16 1900 20
D EAST 200 16 1900 10
E EAST 100 16 1500 10
F WEST 200 16 1300 10
G WEST 200 16 1900 10
H WEST 100 16 1200 10

*Target RFM was 1900. However, in practice sufficient RPM and manifold
pressure were used to maintain safe, level headway along the flight track.



The Bell 206 helicopter was flown in 50 knot level flyovers at 300, 200,
and 100 feet AGL along the same flight track as the fixed-wing aircraft.
Hover tests at 500 feet AGL, and 1500 feer (approx. distances) from the
microphones were also performed at the two locations along the flight
track indicated in Figure 1. During each hover, noise levels were
recorded while the nose of the helicopter was pointed at the microphones
(0 degrees), and with the nose rotated in the upwind direction by

45 degrees and 90 degrees.

Instrumentation:

The acoustic signal from each flvover was recorded by Nagra magnetie tape
recorders from subsequent laboratory analysis. Three microphones were
deployed four feet above the abandoned north/south runway in a symetric
linear array orthogonal to the flight track. The center microphone was
positioned at the flight track, thus measuring the noise directly beneath
the overflying aireraft. Each sideline was positiconed 300 feet laterally
from the flight track. A fourth ground-plane type microphone was located
at the centerline site. The ground plane microphone measures the true
acoustic signature from the aircraft; the elevated microphones measured
the aircraft noise as influenced by ground surface reflections--consistent
with a subject surveillance situatioﬁ. Acpoustic instruments and analysie
procedures were consistent with FAA Federal Aviation Regulations aircraft
noise certification procedures. All microphones were located on the
abandoned runway resulting in an "acoustically hard" microphone
installatiun. All acoustic data acquisition, reduction and analysis were

‘perfcrmed by TSC's Noise Measurement and Assessment Facility.

|
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Data Summarv:

Summary results in maximum A-weighted sound levels for each aircraft are
presented - in Table 2. A complete acoustic data summary, time history
listings, and narrowband spectra for the Cl82(2-blade), C182 (3-blade),
C210, and Bell 206 are presented in Appendixes A, B, C, and D
respectively. Table 3 presents an event log of each aircraft's

eperations. A discussion of these data follows in the next section.
Test day weather was clear and sunny with a temperature range of 40 to 55
degrees Fahrenheit, Winds were northwest at less than 10 knots resulting

in a nerth to south crosswind component to the flight track.

Data Analysis:

The C182 (2-blade) was able to maintain steady headway along the flight
track for the A "reference" series of 16 inches manifold pressure and 1900
RPM. The C182 (3-blade) and the C210 also attempted to fly the reference
series (16"/1900 RPM), but in practice, these aircraft were flown with
sufficient manifold pressure and RPM to safely maintain altitude,
attitude, and remain on the desired flight track. For their respective A
series, the Cl1B2 (3-blade) averaged roughly 17 inches manifold pressure

and 2000 RPM, while the C210 ran 16 inches manifold pressure and 2100 RPM.



C182 (2-blade)
Series A (16"/1900)
B (18"/2100)
c (16"/1850)

Cl182 (3-blade)
Series A (17"/2000)
B (18"/2100)
C (18"/2050)

€210 (3-blade)
Serias A (I16"/2100)
B (18"/2100)
c (18"/2100)

Table 2.

Average dBA Values

*
MICROFPHONE FOSITION

CL4 CLG N. SIDE S. SIDE
73 76 (33 70
79 81 73 73
74 77 68 69
76 79 71 72
78 81 73 73
77 80 72 73
79 82 74 74
80 83 76 76
80 83 75 76

* CL4 - centerline at 4 ft. elevation
CLG - centerline at ground level
¥. SIDE — north side of flight track (300 ft.)
S. SIDE - south side of flgiht track (300 ft.)



Table 3z C182 (2-blade) Event Log

TIME EVENT DIRECTION ALT. M.P. RPM FIAS FLAPS
0852 Al EAST 300 16 1900 100 10
0955 A2 EAST 300 16 1900 100 10
0958 Al EAST 300 16 1900 100 10
1001 A4 EAST 300 16 1500 100 10
1005 A5 EAST 300 16 1500 100 10
1009 AR EAST oo 16 1900 100 10
1012 AT EAST 300 16 1800 100 10
1016 AR EAST 300 16 1500 100 10
1020 B9 EAST 300 18 2100 110 10
1023 B1O EAST 300 18 2100 110 10
1025 Bl1l EAST 300 18 2100 110 10
1028 Bl2 EAST 300 18 2100 110 10
1031 C13 EAST 300 17 1750 JEe 20
1036 Cl4 EAST 300 16 1800 B2 20
1038 Cl5 EAST 300 NR NR NR 20
1042 Clé EAST 300 NR KR NR 20
1051 cl7 EAST 300 16 KR 85 20
1055 Ccl3 EAST 300 16 1500 NR 20
1058 D1g EAST 200 16 2000 100 10
1101 E20 EAST 100 NR KR NR 10
1104 F21 WEST 300 16 KR NR 10
1107 F22 WEST 300 NR NE NR 10
1110 F23 WEST 300 NR R NR 10
1113 G24 WEST 200 16 2100 110 10
1116 H25 WEST 100 KR NR HR 10
1120 H26 WEST 100 HR HR NR 10
NR: not reported

10
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Table 3b C-182(3-blade) Event Log

TIME EVENT DIRECTION ALT. M.P. RPM FIAS FLAPS REMARES
1145 Al EAST 300 17 1500 a5 10
1149 A3 EAST 300 16 1300 95 10
1153 A5 EAST 300 17 2000 a5 10
1157 AT EAST 3no 17 2050 95 10
1233 A9 EAST 300 17 2000 a0 10
1238 All EAST 300 17 2100 100 10
1242 Bl13 EAST 300 18 2100 105 10
1247 Bl5 EAST 300 18 2100 105 10
1251 Bl7 EAST 300 18 2100 105 10
1255 B19 EAST 300 18 2100 105 10
1300 c2l EAST 300 18 2000 85 20
1305 c23. EAST 300 18 2000 B0 20
1309 Cc25 EAST 300 18 2100 85 20
1319 c27 EAST 300 18 2100 90 20
1324 D25 EAST 200 16 1950 80 10
1329 D31 EAST 200 16 2000 100 10
1333 E33 EAST 100 16 2000 100 10
1339 F35 WEST 300 16 2000 100 10
1344 G37 WEST 200 16 2000 100 10
1349 R3% WEST 100 16 2000 95 10

11




TIME

1146
1151
1154
1159
1234
1239
1244
1248
1252
1256
1302
1307
1311
1320
1325
1329
1335
1340
1345
1350

Table 3C C210 Event Log

'EVENT DIRECTION ALT.

RPM

M.P. KIAS FLAPS REMARES
A2 EAST 300 KR KR NR 10
Ad EAST 300 16 2100 100 10
Ab EAST 300 16 2100 B5 10
AR EAST 300 16 2100 85 10
AlD EAST 300 16 2100 a0 10
Al2 EAST 300 16 2100 B5 10
El4 EAST 300 18 2100 a7 10 DRIFTED SOUTH
Bl6 EAST 300 18 2100 100 10
Bl18 EAST 300 18 2100 100 10
B20 EAST 300 18 2100 100 10
€22 EAST 300 16 2100 a0 20 DRIFTED SCOUTH
C24 EAST 300 18 2100 85 20
CZ6 EAST 300 18 2100 85 20
c2g EAST o0 18 2100 B5 20
D30 EAST 200 16 2100 90 10 DEIFTED SOUTH
D32 EAST 200 16 2100 85 10
E34 EAST 100 16 2100 95 10
F36 WEST 300 16 2100 95 10
C38 WEST 200 16 2100 25 10
H4O WEST 100 16 2100 95 10

12



Cl182 (2-blade) wversus Cl82(3-blade):

In a direct comparison between the Cl82 aireraft, the Cl182 (2-blade) was
2.0 to 2.5 dBA quieter in overall noise. This difference in noise levels
can probably be accounted for by the slightly higher manifold pressure and
FFM values for the Cl82 (3-blade). However, the test results indicate
that at minimal flight conditions the 3-blade propeller does not offer any
reduced-nolse advantages compared to the 2-blade propeller. The reason

for this is discussed in the next section.

Dominant Source of Noise:

The primary sources of noise from a general aviation fixed-wing small
aircraft are the propeller =znd engine exhaust. At high RFM, propeller
noise typically dominates the overall noise level produced by the
aircraft. Thus, a "quieter" 3-blade propeller will reduce overall noise
compared to a 2-blade propeller, However, as discussed below, the engine
exhaust is the dominant source at the minimal flight conditions of 16
inches manifold pressure and 1900 RFM. AT very low RPM conditions, the

cholce of propeller will not affect overall sound levels,

A procedure called narrowband frequency spectroscopy is available for

separating and thus assessing the relative contribution of exhaust and

13



propeller noise on overall noise levels., A narrowband spectrum presents
noise levels as a function of narrow discrete frequency bands. Figure 2a
illustrates a typical unweighted narrowband spectrum from a propeller-
driven small airplane operating at high RPM. The airplane depicted, a
Piper Lance, is similar to the Cessna 182 (2-blade) tested in that the
Lance is also powered by a six-cylinder engine driving a 2-blade
propeller. Exhaust and propeller components are readily identifiable in
the spectrum. The"fundamental” exhaust frequency, in hertz, for a
six-cylinder engine is calculated by dividing RFM by 20. The fundamental
frequency for 2-blade and 3-blade propellers are RPM/30 and RPM/20
respectively. "Harmonics," which are consecutive integer multiples of the
fundamental frequency, are clearly evident in the Lance spectrum. The
spectrum also shows that propeller harmonics, as opposed to exhaust
harmonics, dominate the overall spectrum. The A-weighted epectrum in
Figure 2b indicates that mid-range harmonics dominate the A-weighted total

noise level,

The same Lance aircraft operated at 55 percent power and 2140 RPM shows a
distinctly different spectrum as illustrated in Figure 3, Although the
fundamental exhaust and propeller noise levels are only slightly less than
the higher power/RPM spectrum, the mid-range and higher harmonics are
drastically reduced resulting in a lz dBA difference between the spectra.
The 55 percent/2140 RPM Lance spectrum is moderately dominated by exhaust
noise. Thus it can be anticipated that the Cl182 (2-blade) spectrum at

1500 RPM may be even further dominated by exhaust noise.

14



FIGURE 2a EXAMPLE NARROWBAND SPECTRA
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FIGURE 3a EXAMPLE NARROWBAND SPECTRA

FIGURE

(low power & rpm)
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Figure 4 is 8 Cl82 (Z-blade) narrowband specttum from the ground center-
line microphone of event A3 of the November 1986 Dahlgren test. It is
immediately evident that engine exhaust substantially dominates the
spectrum. The first several exhaust and propeller harmonics from each of
the A seriles events were averaged into the compasite spectra shown in
Figure 5. As shown in Figure 5b, even with A-welghting the fundamental
exhaust tone is the dominant discrete tone. Overall, there is
approximately 14 dB difference between total exhaust noise and total

propeller noise.

Extrapolated Aireraft Noise Levels:

During the Dahlgren test the aircraft were flown at an unrepresentatively
low altitude to provide sufficient signal-to-noise ratio for the acoustic
analysis. However, the measurements can be extrapolated to greater
distances using fundamental acoustics formula, Given the test altitude of
300 feet AGL and sideline microphones positioned 300 feet laterazl from the
flight track, the slant range from aircraft to sideline microphone is 424
feet at a 45 degree "look down" angle. The formula for adjusting (algeb-
raically added to) a known noise level at a known source-to-receptor
distance to a different propagation distanée is as follows:

20 ¥ lDEID (present distance/desired distance)
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FIGURE 4 EXAMPLE C182 (2-BLADE)
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FIGURE 5a COMPOSITE NARROWBAND SPECTRA
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Thus at a desired distance of 1,000 feet, the noise level at 424 feet must
be adjusted by algebraically adding the quantity 20 x lugln (424 /1000)

or =7.5 dB.

Averaged sideline values from the A series for each of the three fixed—
wing aircraft are plotted and extrapolated to 10,000 feet in Figure 6.
Propagation over distances of several thousand feet normally requires an
additional adjustment for atmospheric absorption. However, atmospheric
absorption is a strong function of frequency with most attention occurring
at higher freéuenciES. Given the low frequency spectrum of the test
aircraft, the amount of absorption 1s small and does not significantly
influence the extrapolated noise levels. (See Ref. 1 for additional

information on atmospheric absorption.)

Increased Manifold Pressure and Flaps:

Test series B and C examined the influence of increased manifold pressure
(plus 2 inches scheduled) and additional flaps (10 degrees to 20 degrees)
on noise levels from the fixed-wing aircraft. A-weighted noise levels for

B and C series are included in Tahle 2.

The Cl182 (2-blade) flew the B series at 18 inches and 2100 RPM adding 4 to

5 dBA to the noise produced by the A series (16 inches and 1900 RPM).

20



FIGURE 6 dBA versus SLANT RANGE
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Most of this increase can be attributed to increased propeller noise. For
the increased-flaps C series conducted at approximately the same manifold

pressure and RFM as the A series, the noise levels were the same as the A

series levels,

The C182 (3-blade) flew the A series at 16 to 17 inches manifold pressure
and 1900 to 2100 RPM, Series B was consistently flown at 18 inches and
2100 RPM. As a result of the smaller change in RPM, there was only a

2 dBA difference between the A and B series. The increased-flaps C series
was conducted at B series manifold pressure and RPM resulting in noise

levels comparable to the B series.

The C210 was consistently flown at 2100 RPM throughout the A, B, and C

series resulting in lictle difference in noise levels between the series.

Directivitg:

Sideline microphones were deployed in an effort to determine if one side
of the aircraft was louder as a result of the exhaust pipe location.
However, the south sideline gicrophcne noise levels were slightly higher
for both eastbound and westbound runs. Thus, the issue of directivity
cannot be resolved by this flight test. These conflicting noise levels
can possibly result from slight southward deviations from the flight track

caused by the north-south crosswind component,

22



Bell 200:

Pell 206 noise levels during the 50 knot, 300 ft. AGL level flyover test
were equivalent to the levels produced by the reference series flown by
the C210. Thus, the dBA versus slant range relationship for the C210 inm
Figure 6 can be used for extrapolating Bell 206 noise levels to larger
distances. From previous testing, noise levels are known to increase with
higher airspeeds during level flight, However, level flyover noise is not
necessarily representative of noise levels produced during ascents,

descents, and turns,

The Bell 206 acoustic signal can also be analyzed by narrowband frequency
spectroscopy. Figure 7 i1llustrates an unweighted spectrum cbtained at the
maximum noise from Event B7 from the 50 knot level flyover series. In the
spectrum, main rotor harmonics occur at integer multiples of 13 hertz.
Tail rotor harmonics occur at integer multiples of B5 hertz. The spectrum
alsc reveals that, with A-weighting applied, the tail rotor is the
dominant source of discrete noise during a 50 knot level flyover. In
addition to the readily identifiable main and tail rotor harmonies, the
other numerous spectual lines represent "broadband" or random noise

generated by the rotors and turbine exhaust.
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Other flight regimes are conducive to the formation of highly distinctive
rotor impulsive noise--especizlly from a 2-blade single rotor helicopter.
High speed forward flight can cause "compressibility" noise. This results
from the high speed of the advancing rotor tip approaching sonic wvelocity
and the consequent compression of the air moving over the blade surface to
form a wave of acoustic enmergy. Compressibility noise directivity is at
maximum forward of the aircraft and in the plane of the rotor disc., A
gecond source of strong impulsive noise, hlade-vortex interaction (BVI),
cccurs during descents and turns. BVI, which occurs when the advancing or
retreating rotor blade intercepts tip vortices shed during a previous
pazsage of the blade, i= most apparent shead of the aircraft and 30°

below the rotor disc. Compressibility and BVI noise are shown
schematically in Figure 8. BVI noise is discernible to the pilot;

compressibility noise is not,

Hover tests were performed to determine if, during a steady hover, a2 side
exposure of the aircraft resulted in different noise levels compared to a
head-on position. Hovers at various yaw angles were to be performed at
500 feet AGL at a constant horizontal distance of approximately 1300 feet
from the miecrophones. However, examination of the marrowband spectra
interference valleys (caused by destructive interference of the

ground-reflected acoustic wave with the direct wave received by the
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elevated microphone) shown dn Figure 9 reveals that the helicopter had am
excessive drift toward the microphone location. Since altitude drift may
have also contributed te the observed shift of the interference valleys
toward lower frequencies, it is not possible to reliably correct the noise
data to account for the resulting changes in slant distance. However, it
appears that vaw angles of 45° and 90° will increase noise levels by

at least 2 dBA and 5 dBA respectively.
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FIGURE 9 NARROWBAND SPECTRA FROM HOVER TEST
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Community Noise Levels:

Community noise levels vary substantially as s function of locatiom, time,
and time of day. Examples of short-term temporal variation for a suburban
location are shown in Figure 10. MNoteworthy features of the noise level
versus time plots are (1) the noise level (dBA) varies over a range of

33 dB for the eight minute sample, and (2) noise can be characterized as a
steady lower level upon which is superimposed increased levels associated
with discrete single events (such as sutomobiles and aircraft). The

steady noise level is called the '"residual" noise level,.

Given the large short-term temporal variation in community noise, some
form of statistical description other than an "averaged" or "peak" value
will be needed if aircraft noise 1s to be compared to community levels.
An excellent statistic called a "eumulative noise descriptor” is more
representative of residusl communicy noise levels., Cumulative noise
levels ate represented in terms of the "nolse level exceeded for a stated
L L

percentage of time." Typically denoted L LED' and

507"

ng, these cumulative levels represent respectively the noise level that

i* "10?

are exceeded 1, 10, 50, 90, and 99 percent of the time period of

interest. For example, an LED value of 60 dBA indicates that the

instantaneous noise levels exceeded 60 dBA during 90% of the time.
LQD is considered a good estimate of the aforementioned residual

community noise level.

29



FIGURE 10 EXAMPLE SHORT-TERM TEMPORAL
VARIATION of COMMUNITY NOISE LEVELS
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Figure 11 shows how cumulative hourly noise levels typically vary over a
24-hour period at a suburban monitoring location. In the particular
example cited in Figure 11 (location "M" in suceeding figures), the
highest hourly daytime residual noise level is approximately 12 dBA louder

than the quietest hourly night-time residual noise level.
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FIGURE 11 EXAMPLE HOU! Y COMMUNITY
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Figures 12, ?3, and 14 1llustrate typical community noise levels at
various locations for daytime, evening, and nighttime respectively. A
complete description of each monitoring site and hourly noise levels for
the locations referenced in Figures 12, 13, and 14 are presented in

Appendix E.

Figure 15 isolates and presents the Ly, residual noise levels from the
previous figures as a function of locatien and day/evening/nighttime

intervals. TFigure 15 indicates the following trends:

(1) There 45 a 7 to 10 dBA difference between average daytime and

average nighttime residual noise levels.

(2) Evening residual noise levels are essentially the same as daytime

levels.

(3) Residual noise levels differ up to 40 dBA between inner city

{near freeway) and rural farm locations.

(4) Typical davtime residual LBU values are as follows:

(a) 4nner city 70 dBA

{b) urban residential 50 dBA
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(c) suburban residential 45 dEBA
(d) small town residential 40 dEA
(e) rural farm 35 dBA

(f) boondocks 20 dBA

The primary value of the preceeding discussion and the material in
Appendix E is to illustrate via a variety of noise descriptors the
considerable temporal and spatial variation of community noise. However,
using such aggregate or overall noise descriptors such as dBA does not
readily permit a direct comparison between aircraft and community nolse on
an aircrafr detectability basis. A direct comparison using aggregate
values would be possible only if the spectral signature (noise level as a
function of frequency) of the airecraft and community were very similar in

shape, The issue of detectability is addressad in the following section.
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FIGURE 12 DAYTIME COMMU® ‘TY NOISE LEVELS
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FIGURE 13 EVENING COMMUNITY NOISE LEVELS
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FIGURE 14 NIGHTTIME COMMUNITY NOISE LEVELS
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FIGURE 15 DAYTIME, EVENING, and NIGHTTIME
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Detectability:

The ability to detect an overhead airecraft will depend on the strength and
spectral characteristics of both the aircraft noise and the background
community noise at the location of the observer. Other factors include
the sensitivity and state of attention of the observer and the a priori
information available to the observer. The definition of detectability
used in this report is a noise signal which can be detected "50" percent
of the time by an observer in z controlled experiment where the observer
has prior knowledge of the possibility of the presence of aireraft noise
and what the aircraft noise sounds like, and the observer is specifically
concentrating to detect the occurrence of aircraft noise in the presence

of a given background noise.

Fidell et al (ref. 3) have developed a model which will predict aircraft
noise detectability, at a specified probability of success rate, in a
given background noise. The model, depicted in Figure 16, requires that
the aircraft and background noise be analysed and compared on the basis of
1/3 octaves. Table 4 presents the standard 1/3 octave bands as a function
of band number, center frequency, frequeney range (bandwidth), and the
A-weighting adjustment required if conversion from dB to dEA is desired.

Table 4 shows that 1/3 octaves are adjacent slices of the frequency

38



One-Third Octave Band Sound Pressure Level in dB
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spectrum with bandwidth (the width of the slice) increasing with higher
frequencies. The line marked Hearing Threshold in Figure 16 indicates the
level of a pure tone at which the average human observer reports detecting
the tone 50 percent of the time in the absence of external background
noise; i.e., the observer cannot detect any noise sipnal at or below the
indicated line. In Figure 16, note that detectability varies as a
function of frequency, At, for example, 125 Hz, a given background noise
will mask the presence of aircraft noise of equal strength. However, at
higher frequencies, say 1000 Hz, the background noise must be 5d4B higher

In order to mask the aircrafe.

From the foregoing discussion, detailed information in the form of 1/3
octave sound levels from the aireraft and the community is required to
exercise the detectability model. As an exercise in use of the
detectability model, noise data from the C182 (2-blade) will be compared
to community noise data collected by the TSC acoustics crew subsequent to

the Dahlgren flight test,
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Table 4 Standard 1/3 Octave Frequency Bands

BAND CENTER FREQUENCY A-WEIGHTING
NO. FREQUENCY RANGE ADJUSTMENT
12 16 14.1-17.8 ~56.7
13 = 20 17.8-22.4 -50.5
14 25 22.4-28,2 -44.7
15 315 28.2-35.5 -39.4
16 40 35.5-44.7 -34.6
17 50 44.7-56.2 -30.2
18 63 56.2-70.8 ~26.12
19 B0 70.8-89.1 -22.5
20 100 g89,1-112 ~19.1
21 125 112-141 =16.1
22 160 141-178 =13.4
23 200 178-224 -10.9
24 250 224-282 -8.6
25 315 2B2-355 -6.6
26 4500 355=447 ~4.8
27 500 447-562 =3.2
28 630 562-708 ~1.5
29 800 70B-B91 -0.8
30 1000 B31-1122 0
31 1250 1122-1413 +0.6
32 1600 1413-1778 +1.0
33 2000 ' 1778-2239 +1.2
34 2500 2239-2818 +1.3
35 3150 2818-3548 +1.2
36 4000 3548-4467 +1.0
37 5000 4467-5623 +0.5
38 6300 5623-7079 -0.1
39 8000 7079-8913 -1.1
40 10000 B913-11220 =2.5
41 12500 11220-14130 -4.3
42 16000 14130-17780 -6.6
43 20000 17780-22390 =9.3
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Cl182 (2-blade) 1/3 Octave Noise Levels:

One-third octave noise levels averaged over the individual events of the
cig2 (2—§lade} A series (1900 RPM; 16" MP; 300 ft. AGL; centerline ground
wicrophone) are presented in column ? of Table 5. The mzjor contributing
exhaust and propeller tones are shown in Table 5 as a function of 1/3
octave band number. For this exercise, the aircraf£ iz assumed to be
circling a tarpget at a slant range of 5280 feet. The extrapolated 1/3
octave noise levels expected at the target are shown in column 6 of

Table 5, The extrapolated values in column 6 were derived from column 2
by first accounting for spherical spreading via the previously discussed
formula (eq. 1), 20 log (300/5280) = -25 dB., The column 2 values are then
adjusted for atmospheric absorption by the absorption values shown in
column 5 (which were derived from the absorption rates shown in column 4).
Finally, the column 2 values were adjusted to remove the influence of the
ground mounted microphone by subtracting 6 dB. The lookdown angle from
the aircraft (Figure 20) is assumed to be a value between 45° and 60°

such that the dominant exhaust tone 1s unaffected by the presence of the
reflecting ground surface. (NOTE: The lookdown angle can substantially
affect the actual sound level received at the target's ear level. This is
discussed later in the section "Optimized Observation Lookdown Angle.")
The 1/3 octave noise levels in column 6 of Table 5 are ready for

comparison to background community noise levels.
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Table 5 C182 (2-blade) 1/3 Octave Levels
"A" Series Average Ground Microphone

(Col. 1) {Cal. 2} (Col. 3) (Col 4.) (Col 5.) (Col. 6)
Band No./ Noise Level Components Atmos. Abs. Atmos Abs. Noise Level
Center Freq (@) 300ft(dB) (tone no.) Rate(dB/1000ft) over 500ft (@) 1 mile

18/63 : 73.6 " P(1) 0.1 0.5 42
19/80 70,5 - 0.1 0.5 39
20/100 89.6 E(1) 0.2 1.0 58
21/125 77.1 P(2) 0.2 1.0 45
22/160 69.7 - 0.3 1.5 37
23/200 75.5 E(2)+P(3) 0.3 1.8 43
24/250 68.6 P(4) 0.4 2.0 36
25/315 71.6 E(3)+P(5) 0.6 3.0 37
26/400 68.6 0.7 3.5 34
27/500 65.7 0.9 425 30
28/630 64.2 1.1 555 28
29/800 63.0 s b 7.0 26
30/1000 60.0 1.8 9.0 20
31/1250 61.8 2.2 11.0 20
32/1600 65.4 2.9 14.5 20
33/2000 62.8 3.6 18.0 14
34/2500 60.5 4,6 23.0 6
35/3150 £0.1 5.9 29.5 0

P = Propeller

E = Exhaust

Atmos. Absorption at 77°F and 70% RH (Ref. 1)
(see Appendix A for 1/3 octave data for each .
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Background Community 1/3 Octave Noise Levels:

During March 1987, the TSC acoustics laboratory made measurements of
community noise at a variety of sites in and near Boston, Massachusetts.
The report from that effort is reproduced in Figure 17. Noise data from
the seven monitoring sites (Al-A7) are presented in 1/3 octave levels as
well as averaged overall unweighted sound pressure level (OASPL) and
averaged overall A-weighted sound level (AL). The sites range in mnoise
levels from quiet surburban (46 dBA) to near freeway (80 dBA). The

1/3 octave levels shown in Figure 17 represent the arithmetic mean of 50
consecutive J-second samples. Assuming a normal distribution, an estimate
of the residual or Lgﬂ values of the 1/3 octave data can be calculated
from the standard deviations (listed in Figure 17) by subtracting the
guantity (1.65 times standard deviation) from the arithmetic mean. The
resulting residual community levels, listed in Table 6, are now available
for comparison to the C182 (2-blade) 1/3 octave spectra via the

detectability model.
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Table & Estimnted 1/3 Octave {L9 ) Levels at Seven
Bostun Area Monitoring Eites (dB)

SITES (A1-A7)

Band No. = Al A2 A3 A4 AS A6 A7
18 . 587 65 66 53 66 51 64
19 56 63 69 51 65 50 66
20 54 61 64 49 61 49 66
21 52 60 62 48 59 47 65
22 49 58 60 46 56 45 64
23 47 58 58 43 54 42 62
24 45 56 56 40 53 40 61
' 25 45 55 56 37 51 38 60
26 45 55 55 35 51 36 61
27 45 54 54 35 50 37 61
28 A 54 54 35 50 37 62
29 42 52 54 3s 45 37 64
30 42 51 54 34 45 36 67
31 40 50 53 32 44 33 67
32 37 47 51 28 42 30 67
33 34 45 50 24 39 26 64
34 30 43 47 21 36 22 61
35 - 41 45 20 33 20 58

(see Figure 17 for original data and site description)
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Example Detectability Analysis:

Site A4, the quietest of the Boston area monitoring locatioms, will be
used for an Initial test comparison with aircraft noise. The site A4
1/3 octave LED values from Table 6 are plotted as an open circle (0O)
on Figure 18, The extrapolated C182 (2-blade) 1/3 octave levels from
Table 5 (column 6) are plotted as solid circles ( @) on Fipure 18. The
resulting plot confirms that band 20, containing the fundamental exhaust
tone, is the eritical band of aircraft noise relative to the background

noise at site A4. Other observations from Figure 18 are:

1. The 1/3 octave bands containing only propeller harmonics (bands

19 and 22) indicate that propeller noise would not be detected.

2, Band 20 must be reduced by approximately 2 dBE in order to achieve
the 50% detectability criteria. Attempting to achieve 9 dB
reduction by increasing slant range (SL) via (20 log 5280/SL)
quickly reveals that a new slant range of nearly 15,000 feet will

be required.

Data from the other six Boston sites are presented in Figuré 19, In each
case the critical detectability band }5 band number 20 containing the
fundamental exhaust tone. In addition to site A4, the C1B2 (2-blade)
would be detected at sites Al and A6. The aircraft would not be detected

at sites A2, A3, AS, and A7.
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C182(2-BLADE) NOISE (A SERIES)

FIGURE 18 DETECTABILITY CHART
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FIGURE 19a DETECTABILITY CHART
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C182(2-BLADE) NOISE (A SERIES)

FIGURE 19b DETECTABILITY CHART
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C182(2-BLADE) NOISE (A SERIES)

FIGURE 19c DETECTABILITY CHART
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C182(2-BLADE) NOISE (A SERIES)

FIGURE 19d DETECTABILITY CHART

One-Third Octave Band Sound Pressure Level in dB
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FIGURE 19e DETECTABILITY CHART

C182(2-BLADE) NOISE (A SERIES)

One-Third Octave Band Sound Pressure Level in dB
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C182(2-BLADE) NOISE (A SERIES)
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Optimal Observation Flight Angle

The ground-reflected acoustlc signal from an overhead aircraft will,
depending.on the signal frequency, interfere'constructively and
destructively with the signal received directly from the aircraft (see
Figure 20). Figure 21 illustrates the theoretical interference caused by
a tone of given frequency radiating from an aireraft at lookdown angles of
30, 45, and 60 degrees to a2 four ft. microphone over a hard reflecting
surface. The peaks represent Teinforcement, up to & maximum of 6 dE,
resulting from constructive interference between the direct and reflected
signals., The "wvalleys" result from destructive interference which can
reduce a pure tone signal below detection. The important wvariables are
receiver height, emission (lookdown) angle, and frequency of the acoustic
sipnal. The influence of the reflected signal relative to free field can

be calculated by the formula

dy = 10 log[2 + 2C0S(27 £(dR)/C)) eg. 2

where: dN is the quantity to be algebraically added to a free
field measurement to account for the presence of a

reflecting plane.

f is frequency
C is ambient speed of sound
dR iz the difference in path length of the direct

and reflected wave.
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FIGURE 20 LOOKDOWN ANGLE and ACOUSTIC
SIGNAL GROUND INTERFERENCE

MICROPHONE

GROUND
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FIGURE 21
THEORETICAL GROUND INTERFERENCE CURVES
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The quantity dR can be calculated as follows:

drk = [r* + )32 _ 2y gennyl/2 eq. 3

where: 1 is the horizontal distance between the aircraft and
the microphone
h is the aircraft altitude AGL

h' is the microphone elevation AGL

The formula for dN is an approximaetion applicable only when the source
altituderis much greater than the receptor elevation, which is the case
for aircraft noise over a near-ground microphone. A complete description
of the ground reflection theory is presented in SAE/AIR 1327 (ref. 5).
The frequencies of maximum reinforcement (fR} and maximum cancellation

(fc} are as follows:

fR = (c)(n)/2h'SIN ¢ eq. 4

ft = (c)(n+1/2)/2h'SIN ¢ eg. 5

where ¢ is the ambient speed of sound
h' is the microphone height
# 1s the aireraft lookdown angle (degrees)

n 1is a nonnegative integer
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An excellent practical illustration of the ground interference effect is
seen in Figure 22 depicting narrowband spectra from the C210 at various
microphone locations. The spectra in Figure 22 and the succeeding

Figures 23 and 24 were obtained when the aireraft was overhead relative to

the centerline microphone loecation.

Figure 22a is a spectrum from the ground microphone at the centerline
microphone location. A ground microphone best represents the true
acoustic spectrum emitted by the aircraft with the ground surface

influence a constant 6 dE increase across all frequencies,

Figure 22b shows a spectrum from the four ft. elevated microphone at the
centerline site. The ground interference (peaks and valleys) is readily
apparent in the broadband noise. However, the fundamental combined
exhaust and propeller tone is relatively unaffected at the overhead

aircraft position (90° lookdown angle).

Figure 22¢ shows the spectrum from a sideline four fr. microphone site.
Given the different geometry resulting in a 45° lookdown angle, the
ground interference effect is considerable different from the overhead
aircraft case. Here, the dominant fundamental tonme falls well within the
first interference valley and is consequently dramatically reduced from

93 dB to A7 dB.
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FIGURE 22 GROUND INTERFERENCE EFFECT
C210 EVENT A6

FIGURE 22a
CENTERLINE POSITION
GROUND MICROPHONE

FIGURE 22b
CENTERLINE POSITION
4 ft. MICROPHONE

FIGURE 22c

SIDELINE POSITION
4 ft. MICROPHONE
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As previously discussed, exhaust and propeller tones occur at evenly
spaced intervals——integer multiples of the fundamental or first harmonic -
tone. The ground interference function shown in Figure 21 also occurs in
a pattern of hills and valleys with a constant interval. If the
fundamentdl tone is located in a destructive interference valley, all
succeeding odd-numbered harmonics will be similarly affected by
destructive interference--all even-numbered harmonics would fall in the
constructive or reinforcement areas (potential 6 dE increase) of the

ground interference curve.

4s illustrated in Figure 23, the same effect is evident in the spectra
from the C182 (3-blade). A similar effect is also seen in the C182
(2-blade} as shown in Figure 24, For each of these aircraft, and for the
specific conditions of the test {ﬂﬁn lookdown angle and four foot
microphone), the dominating fundamental exhaust tone is dramatically
suppressed resulting in the second exhaust harmonic becoming the dominant

tone.

The previous figures demonstrate the ground interference effect and the
applicable theory for predicting the effect, The central question to be
addressed is: Can the ground interference effect be used to suppress the
dominant exhaust tone and consequently reduce the detectability of the

aircraft? The subsequent discussion will answer this question.
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FIGURE 23 GROUND INTERFERENCE EFFECT
C182 (3-BLADE) EVENT A5
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FIGURE 24 GROUND INTERFERENCE EFFECT
C182 (2-BLADE) EVENT A3
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The previous discussion was based on a microphone height of four feet,
Receiver height is an important variable in the interference effect and
few ground observers, unless seated, will have an ear height of only four
feet. Equation 2 was used to recalculate the theoretical interference
curves using a receiver height of 5.25 feet, the assumed ear height for a
typical standing observer. The recalculated curves, restricted to the
primary frequencies of interest, are plotted in Figure 25, The net effect
of an increase in receiver height is a shift of the first destructive
interference valley toward a lower frequency. The fundamental exhaust
tone from a six cylinder engine (RPM/20) is 95 hertz at 1900 RPM. Using a
45° lookdown angle as a reference and at 95 hertz, circling at a 60°
lookdown angle would increase the fundamental tome by 6 dB. Circling at =
30° lookdown angle decreases the dominant exheaust tone by 8 dB. Thus,

for the example cited and given a constant slant range, circling at a
lookdown angle of less than ﬁjc is preferable from a detectability

standpoint to a lookdown angle of more than 457,

Given the range variables, some uncontrolled, the potential advantages
offered by the ground interference phenomenon chould be used only in a
broad and conservative sense. Use of the phenomenon should be restricted
to "gaining an extra edge" in a given surveillance situation, and not as a

justification for substantially decreasing the slant range.
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FIGURE 25
THEORETICAL GROUND INTERFERENCE CURVES
| 5" 3" RECEIVER ELEVATION
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( ) 45 deg. LOOKDOWN ANGLE
et ) 60 deg. LOOKDOWN ANGLE
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