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SUMMARY

The purpose of the DC-9 Refan Program was to establish the technical and
economic feasibility of reducing the noise of existing JT8D powered DC-9
aircraft. The Refan Program was divided into two phases.

Phase I provided engine and nacelle/aircraft integration definition
documents for installation of the JT8D-109 Refan engine on the DC-9 series
. aircraft, prepared preliminary design of nacelle and airplane modifications,
conducted model tests for design information, and provided analyses for
economic and retrofit considerations. Phase Il included detailed analyses,
hardware design and fabrication, and flight testing to substantiate the
‘ design and obtain flyover-noise data.

The JT8D-109 Refan derjvative of the basic JT8D-9 engine with the
minimum treatment acoustic nacelle was selected from Phase [ for the design,
analyses, construction and flight testing during Phase II. The work described
:lgstgi%ggllzort documents the effori carried out under this phase of Contract

The noise levels determined as a result of the DC-9 Refan test program
conducted in compliance with Federal Aviation Regulations, Part 36 were 95.3
EPNdB for sideline, 96.2 EPNdB for takeoff, 87.5 EPNdB for takeoff with cut-
back, and 97.4 EPNdB for landing approach,

The nofse reductions achieved by the DC-9 Refan airplane may be indicated
by comparison with a baseline airplane equipped with JT8D-9 hardwall nacelles.
A limited flyover-noise test of a C-9A military version of this configuration
indicated that the FAR Part 36 noise levels were 95.7 EPNdB for takeoff with
cutback and 106.1 EPNdB for landing approach.

The DC-9 Refan flight test program provided extensive flyover noise data
in a range of power settings and distances fram the aircraft to the microphones.
Because of the completeness of the data the l1imits of the 90 percent confidence
for all derived noise levels were within + 0.8 EPNdB,

The use of the Refan engine on the DC-9 would reduce the 90 EPNdB
community noise exposure contour areas by 40 percent for the maximum gross :
. weight airplane and between 19 and 34 percent (takeoff with and without y
cutback, respectively) for a typical mission airplane. The 95 EPNdB :
contour area was reduced by 50 percent for takeoff without cutback for both
the maximum gross weight and typical mission airplanes. For takeoff with
g cutback, the 95 EPNdB contour area is reduced by 30 percent for both the
maximum gross weight and typical mission airplanes.

The use of microphones at a height of 10 meters (33 feet) to acquire -%
free-field noise data and the effect of air turbulence on noise propagation E
were studied.

The test data also provided information for the study of engine noise
source levels and engine/nacelle acoustic characteristics. A description
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is provided of the noise source separatien and prediction procedures used

to identify, isolate, and predict jet, core, fan inlet, fan exhaust and
turbine noise levels, spectra and directivity from ground static and flyover
noise data. Evaluation of inlet and tallpipe treatment effectiveness,
flight effects on jet and core noise, and engine installation effects on
turbomachinery noise are also included.



INTRODUCTION

The continuing growth of the air transportation industry, with resulting
increased numbers of operations from established or emerging airports and
increased poputation density near airports, has resulted in an effort to
control human exposure to aircraft noise. The government and industrial
organizations have pursued a number of programs directed at producing
quieter airplanes and aircraft engines. During the late 1960's, research
related to the noise generated within the engine itself and research related
to absorptive materials were sufficiently refined to be applied to the develop-
ment of the quieter high-bypass-ratio turbofan power plants for the new
generation of wide-body commercial transports.

However, much of the existing and expanding fleet of standard-bodied
transports are powered by the JT3D of JTBD low-bypass-ratio engines.
Two approaches to reduce the noise of these low-bypass-ratio engines appear
to be feasible. One approach is to apply the technology of sound absorbing
materials (SAM) to nacelle treatment, with possibly a jet noise suppressor.
A number of government and industry studies have considered that approach,
and commercfal transports being delivered in the mid-1970's include the SAM
treatment, A second approach is to replace the fans of the present low-bypass-
ratio engines (JT3D and JT8D engines) with larger fans with minimal changes
in the components and general operating characteristics of the core engine.
The result would be a reduction in jet exhaust noise - of particular interest
for the JT8D engine - and possibly both improved engine fuel consumption and
a substantial increase in thrust.

In August 1972, the NASA Lewis Research Center authorized the Douglas
Aircraft Company, the Boeing Company, and Pratt and Whitney Aircraft Company
to develop and investigate the economic and technical feasibility of reducing
noise by developing engine and airframe/nacelle modifications. The program
covered the JT3D engine and the DC-8 and 8-707 it powers and the JT8D engine
and the DC-9, B-727, and B-737 it powers. At the end of approximately four
and one-half months, all effort on the JT3D was terminated. All subsequent
studies were performed on a derivative engine of the Pratt and Whitney JT8D-9
engine designated the JT8D-109,

On the basis of the results of the Phase I effort the Douglas Aircraft
Company was authorized on 30 June 1973 to proceed with a Phase II study that
would include the nacelle/aircraft design and construction, kit costs, ground
compatibility tests, analysis of ground static noise data, and flight worthi-
ness, flight engine/aircraft performance and flyover noise tests.

This volume presents FAR Part 36 noise levels, EPNL- and dB{A)-distance
maps, noise contours, spectral studies on extra ground atten:ation, turbulence,
ground reflection, noise source levels, static-to-flight predictions,

a?d engine/nace11e acoustical characteristics of the DC-9/J78D-109 Refan
aircraft.

The Douglas effort on the Phase II of the NASA Refan program is documented
as a "Summary" in reference 1, the "Design and Construction" in reference 2,
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and the "Performance and Analysis® in reference 3, which contains the engine/
aircraft performance, flight test results, supplemental test results,
structural analysis, and the economic and retrofit amalysis.

In this report, both U.S. Customary Units and International System of
Units (SI) are used, however, all calculations and measurements are with
U.S. Customary Units.
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ATRCRAFT AND ENGINE/NACELLE DESCRIPTION

The Refan flight test program was performed using a DC-9-3]1 aircraft
powered by Pratt and Whitney Aircraft JT8D-109 engines with acoustically
treated nacelles. The aircraft had a structurally modified fuselage and a
new shorter span pylon to acconmodate the new larger engine/nacelle and
thrust reverser. Figure 1 compares the JT8D-109 Refan engine/nacelle with
the existing JT8D-9 baseline engine/nacelle.

The Refan engine/nacelle installation (which replaces the existing two-
stage fan with a larger diameter single-stage fan) includes an extended inlet
with 49 inches of treatment on the cowl wall, a long acoustically treated fan
duct with a treated duct-length-to-height ratio (L/H) of 7.2, and an extendec
tatlpipe with 51 inches of treatment (L/H = 2.3) on the tailpipe walls
(figure 2). Photographs of the inlet and tailpipe acoustical treatments are
shown in figures 3 and 4, respectively,
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FIGURE 1. JT8D ENGINE/NACELLE COMPARISON
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TREATMENT PASSAGE HONEYCOMB
LocCATION LENGYH (L} HEIGHT (M), ot hariol  DEPTH OALE . | TUNING FREQUENCY OF

AREA SYMBOL | in. (m) in. {m) L/H n. | lom) SHEET | ACOUSTIC TREATMENT (Hz)
INLET (1) |46 | 11234 | 220° | (609" 2,00 0.56 | (1.42) 6 3150
FAN CASE @ 7.0 177 | 332 | (843 0.2 1.0 | (254 20 1250
FWD OF ROTOR
FAN CASE
AET OF ROT (3) 6.0 s | 87 | @2n 15 05 | (12n 12

@r) | 1125 | 288 [ 61 | (15m 0.4 0.25 | {0.64) 12 6300
FAN DUCT (a8) | s6.0 (142) | 89 | (226) 25 05 | (127 12 3150

(ac) | 158 (385 | 79 | (200 1.0 05 | t12n 12 3150
TAILPIPE (& |s1o juzem | 225 | 5221 2.27 0.35 | (0.89) 12 6300
FAN DUCT B.4 213 | 6. (15.5) 1.6 0.25 | (0.84) 12
INNER
SURFACE 11.0 (279) | 84 (21.3) 1.3 05 | (12n 12
NOTE: {1} ALL ACOUSTIC TREATMENT WAS HONEYCOMB CORE ON PERFORATED SHEET

(2) TOP SHEET HOLE DIAMETEZR 15 0.114-0.152 cm (0.045-0,060 in.)
{3) TOP SHEET TH|CKNESS 1S 0.0405 cm {0.016 1n.}
{4) CORE HONEYCOMB CELIL. S1ZE 1S 0,95cm {0.375.1n.)

«(RADIUS)

FIGURE 2. ACOUSTI!CAL TREATMENT DETAILS FOR THE DC-9 REFAN
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FIGURE 3. JT8D-109 INLET ACOUSTICAL TREATMENT

FIGURE 4.

JT8D-109 EXHAUST DUCT TAILPIPE ACOUSTICAL TREATMENT
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TEST DESCRIPTION

Flyover Noise Tests

The flyover-noise tests consisted of actua! and simulated takeoff and
approach flights and correction flyover flights as listed in table 1 , with
flight profiles as shown in figures 5 through 14. A ‘total of 112 runs
(afrcraft flyovers) were attempted; 48 to simulate takeoff including takeoff
with cutback and 47 to simulate approach including two segment approaches.
Data from 17 of the runs were not analyzed because of various equipment or
operational problems. However, sufficient data were obtained to satisfy all

test objectives. The microphone locations required to acquire the necessary
data are shown in figure 15.

The test aircraft was a DC-9 Series 31 (Fuselage 741) equipped with
JT8D-109 Refan engines. The configuration of the aircraft systems for the
noise test were: pneumatic and hydraulic system: normal, auxiliary power unit
off, air conditioning packs off during takeoff and bleeds off during approach,
and landing gear up for takeoffs and down for approaches.
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TABLE 1

DC-8 REFAN FLYOVER-NOISE MEASUREMENTS

DATE TARGET THRUST M:ggmo?}f& FLIGHT II;RUDRFE| Le
RUN| TIME L8 (N TYPE OF FLYNVER ft (m} | .5 THROUGH 14)

1 NO TRACKING

2 NO TRACKING

4 NO TRACKING

4 {TZI5 13500 {60,048 | FULL POWER TAKEOFF 2250 (686} D1

5 | 0785 13,500 (60,04B] | FULL POWER TAKEOFF 2200 671) E1

6 | 0804 [13,500/9,500 | 160,048/42,255) | TAKEOFF/CUTBACK 2150 {655} F1

7 | 0814 {13,500/9,500 | (60,048/42,256) | T#KEOFF/CUTBACK 2150 {655} F2

8 | 0823 13,500 {60,048) | FULL POWER TAKEOFF 2350 {716} E2

9 | o932 13,500 (60,048) | FULL POWER TAKEOFF 2316 (706} D1
10 | ogas 13,500 {60,048) | FULL POWER TAKEOFF 2428 (740) E1
11 | 0956 |13,500/9,500 | (60,048/42,256) | TAKEOFF/CUTBACK 2322 {708) 1
12 | 1003 |13,500/9,500 | (60,048/42,256) | TAKEOF F/CUTBACK 2248 1685) F2
13 | 1on 13,500 (60,048) | FULL POWER TAKEOFF 2382 (726} E2
14 MILITARY JETS
15 | 1034 13,500 (60,048) | FULL POWER TAKEOFF 2550 1777) E3A
16 | 1043 {13,500/9,500 | (60,048/42,256) | TAKEOFF/CUTBACK 2288 {697) F3
17 | 1050 [13,500/9,600 | (60,048/42,256) | TAKEOFF/CUTBACK 2163 (659) Fa
18 | 1100 |13.500/9,500 | (60,048/42,256) | TAKEOFF/CUTBACK 2206 672) F5
19 | 1118 [13,500/9,500 | (60,048/42,256) | TAKEOFF/CUTBACK 2175 (663) F6
20 | 1125 [13,500/9,500 | (60,048/42,256) | TAKEOFF/CUTBACK 2247 {685) G4
21 | 1134 {13.500/9500 | (60,048/42,256) | TAKEOFF/CUTBACK 2309 {731) G)
22 | 1142 [13500/9,500 | (60,048/42,256) | TAKEOFF/CUTBACK 2213 (675} G2
23 | 1149 |13,500/9,500 | 160,048/42,256) | TAKEOFF/CUTBACK 2189 {667} G3
24 ‘%‘535 6,900 (30,691) |5, = 50-DEG APPROACH 825 (251) D1
25 | 0940 5,800 (25798) |5, = 50-DEG APPROACH 808 (246) D2
26 NO TRACKING
27 | 1014 5,500 (24,464 | &_ = 50.DEG APPROACH 800 {244) Ela
28 | 1023 5,100 (22,6851 |5 = 50-DEG APPROACH 803 (245) E2
20 | 1042 5,300 {23574) | 5_=50.0EG APPROACH 792 (241} £3
50 | 1082 5,600 (24909) |6 _ = 50-DEG APPROACH 841 {256} £4
3t 102 5,200 (23,130) {8 = 50-CEG APPROACH Ba4s (258) £5
32 1 1110 5,600 (24901 |6, = 50.D2G APPROACH 857 (261) E6
33 | 1120 4,700 {20.906) | REDUCED THRUST APPROACH 846 (258) 03
3 | 1129 4,500 {20016) | REDUCED THRUST APPROACH 832 {254) D4
3 | 137 4,300 {(19126) | REDUCED THRUST APPROACH 856 (261 D5
36 | 1143 3,400 {15,123t | REDUCED THRUST APPROACH 949 (289} D6
a7 | 1159 3,200 {14,234} | REDUCED THRUST APPROACH 801 {244) D7
a8 | 1157 2,800 {12,454) | REDUCED THRUST APPROACH 826 {252) D8
3g | 3378 6,500 (28912) |5, = 50.-DEG APPROACH 850 (250) D1
40 | 0940 6,900 (30691 |5 _ = 50-DEG APPROACH 826 {252) D2
41 | ooas 6,100 127133 | 6 = 50.DEG APPROACH 813 {248) D3
42 | 0968 3,200 (14,234)  |5_ = 50.DEG APPROACH 825 {251} E1
a3 | 1004 4,600 {20461} |6, = 35-DEG APPROACH 825 {251) E2

io0
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"TABLE1 (CONTINUED)
DC-9 REFAN FLYOVER-NOISE MEASUREMENTS

DATE TARGET THRUST MICROPWONE C6 FLIGHT PROFILE
RUN| TIME L8 IN) TYPE OF FLYOVER f1 ) |. 5 THROUGH 14)
a4 | 1013 3,800 (16.902) | 6 = 35.DEG APPROACH B42 (257) E3
. 45 TRAFFIC
46 | 1031 3,800 (16902) | &, - 35.DEG APPROACH 237 (256) Eda
47 | 1040 3,800 116,902 | &= 35.DEG APPROACH 844 {257) ES
45 | 1049 3,800 116902) | &_=35DEG APPROACH 827 {252} E6
. a9 | 1100 4,000 117,792 5 = 35.DEG APPROACH 830 (263} E7
50 | 1110 4,100 {18,237 5 = 35-DEG APPROACH 833 (254) ES
51 § 1119 5,400 124,019) | 5_=50-DEG APPROACH B17 (249) D4
52 | 1120 3,100 (12,789) | REDUCED THRUST APPROACH 796 (243 DS
53 | 320 | 13700 {60,038) | FULL POWER TAKEOFF 2062 {629) c
i 54 | 026 | 13,700 {60,938) | FULL POWER TAKECFF 2117 (645) DO
55 | 0953 | 13,700 160,938) | FULL POWER TAKEOFF 2208 {673) D1
56 | 1001 12,700 {56,490 | TAKEOFF 2066 (630) D2
57 | 1008 | 12,700 {56,490) | TAKEOFF 2169 (661) D3
;- 58 ABORT
59 | 1021 11,700 (52.042) | TAKEOFF 2230 (680) D4
60 { 1030 | 11,700 (52,042) | TAKEOFF 2155 1657} D5
61 | 1037 10,700 47,599) | TAKEOFF 2134 (650) D6
i 62 | 1047 | 10,700 (47,604) | TAKEGFF 2214 (675} 07
7 63 NG TRACKING
64 NO TRACKING
65 | 3302 | 13,500 {60,048) | FULL POWER TAKEOFF 2312 {705} c1
66 | 1315 13,500 {60048) | FULL POWER TAKEOFF 6592 (1704) E1
v 67 | 1123 | 13500 (60,048) | FULL POWER TAKEOFF 5594 {1705) €2
e MILITARY JETS
i€ 69 | 1140 | 13500 (60,048) | FULL POWER TAKEOFF 6112 11863) Ela
€ 70 | 1140 9,500 142,258) | TAKEOFF 4860 1481) E3
, 7 N.G.
; 72 | 1200 8,000 (35.584) | TAKEOFF 4014 {1224) £5
73 | 1218 9,500 (42,256} | TAKEOFF 3890 (1186) Eda
R 74 | 1226 8,000 {35584) | TAKEOFF 3940 (1201} E6
75 | 1244 13,500 (60,048} | FULL POWER TAKEOFF 4293 (309 |  Etc
76 N.G.
. 77 | 330 8,000 (35.584) | TAKEOFF 2435 {742) H1a
78 | 1319 8,000 {35,584) | TAKEOFF 2200 671) H2
79 | 1327 7,000 131,136) | TAKEOFF 2200 1671) H3
80 MILITARY JETS i
81 MILITARY JETS ¥
82 | 1348 7,000 (31,138) | TAKEOFF 2300 (701) Hab
83 | 1358 7,000 131,136) TAKEOFF 2500 1762 Hdc ‘
84 | 1504 13,500 {60,045) | FULL POWER TAKEOFF 2350 (216) c1
a5 | 1613 13,500 60,048) | LEVEL 808 (246) D1
86 | 1521 13,500 60,098) | LEVEL 745 \éin D2
87 | 1528 9,500 42,256} | LEVEL 625 L (191) D3

11
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“TABLE 1 {(CONC!UDED)

DC.9 REFAN FLYOVER-NOISE MEASUREMENTS

OATE TARGET THRUST MICROGPHONE €6 g

RUN | TIME L8 IN) TYPE OF FLYOVER Tt {m |- 5 THROUGH 14)

BB MILITARY JETS

89 MILITARY JETS

90 | 1546 9,500 (42,256) | LEVEL 505 {154} D4b

91 | 1553 9,500 (42,256) | LEVEL 570 1174) D3a

92 203';.}" 6,000 (26,688) | &_ = S0-DEG APPROACH 2275 1693) D1

93 N.G.

94 | 0914 5,000 (26,6881 | 5_ = S0-DEG APPROACH 2420 {738) Db

o5 | 0923 6,000 (26,688) | 5_=50.DEG APPROACH 2427 {740) Dic

96 | 0932 6,000 (26,688) | 5 =S0-DEG APPROACH 2531 (771} D2

97 | 0840 5,400 (24019) | 5_=S0-DEG APPROACH 2555 (779 D3

98 | 0947 5,400 (24018} | 5~ SO0-DEG APPROACH 2516 77 D4

99 | 1008 3,900 112,347 | v -5.5-DEG APPROACH 1700 (518) €1
100 | 1015 3,900 12,3370 | 7 =5.5-DEG APPROACH 1801 (549) Ela
101 | 1023 3,500 {15568) | = =5,5-DEG APPROACH 1910 {582) E2
102 | 1030 2,100 (13,789) | = 5.5-DEG APPROACH 1902 {580) E3
103 | 1038 2,900 12,809 | 7= 5.5-DEG APPROAGH 1921 {586) E4
104 | 1046 3,100 {13,789) | vy=5.5DEG APPROACH 1918 {586} ES
105 | 1053 3,100 {(13,789) | = 6.5-DEG APPROACH 1918 {585} E6
106 | 1102 3,200 {14,234} | + = 5.5.DEG APPROACH 1800 {549) F1
107 | 1118 2,000 {8,8961 v = 5.5-DEG APPROACH 1897 (578) E3
108 | 1157 3,200 {14,239} | +=55.DEG APPROACH 1951 {595) £2
t09 | 1205 2,006 8,896} | +=5.5-DEG APPROACH 1879 1573 Fa
110 | 1213 1,500 {66720 | «=5.5-DEG APPROACH 1940 {591 F§
11| 1220 1,500 66720 | 7 =5.5-DEG APPROACH 1850 (564) F6
mz | 1227 2,000 8896) | =55-DEG APPROACH 1899 {579} Faa

NOTE:

TAKEOFFS

12

& RUNS 4,9, 53,65, AND B4 FULL POWER TAKEOFFS FROM RUNWAY

& ALL REMAINING TAKEOFF RUNS STARTED FROM LEVEL FLIGHT, SIMULATED AFTER ARRIVAL AT A

SELECTED POINT OVER RUNWAY

FULL POWER TAKEOFFS — RATED TAKEOFF ENGINE PRESSURE RATIO MAINTAINED
REDUCED THRUST TAKEOFF — POWER ADJUSTED FOR SPECIFIED ENGINE PRESSURE RATIC AND

PRESCRIBED AIRSPEED

LANDING APPROACHES

POWER MAINTAINED UNTIL END OF RUN ARRIVAL AT SELECTED POINT OVER RUNWAY, CONTINUED

LEVEL UNTIL CLEAR OF AREA

FOR CONSTANT FLAP SETTING RUNS — FLIGHT SPEED MAINTAINED CONSTANT, ENGINE PRESSURE RATIO

AS REQUIRED

FOR REDUCED POWER RUNS OR HIGHLI' R ANGLE GLIDESLOPE RUNS — FLIGHT SPEED AND ENGINE
PRESSURE RATIO MAINTAINED, FLAP SETTING ADJUSTED AS REQUITED

SF INDICATES FLAP SETTING
¥ INDICATES GLIDESLOPE
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FIGURE 5. DC-9 REFAN FAR PART 36 FLYOVER PROFILES — FULL POWER TAKEOFFS
0 LETTERS AND NUMBERS REFER TO FLIGHT PROFILE
8o & INDICATES MICROPHONE LOCATION
2500
| _ 2000 T~
600 E \\
E >
: = z N
{ 2 z RS
, T 400} ¥
{ w i 2 \\\\
h > 7] Hic
< i 1000 H3 AND \
< T ] gt
- ] \ \ Hab
(L] Hla
: W 200 | ¥ & 06 B2 N
500 52
' D2 D7
o D5
03]’ ™ {
: ol a c6 ca (W] ci
; 22 420 18 % 144 12 &0 8 6 4 2 0
DISTANCE {1000 ft)
g i L 1 1 1 1 il A
7 6 5 4 3 2 1 0

DISTANCE {1000 m)
; FIGURE 6. DC-9 REFAN FAR PART 36 FLYOVER PROFILES — REDUCED POWER TAKEOFFS

13

1
-f%
3




o

ot

m.-,i e

LETTERS AND NUMBERS REFER TO FLIGHT PROFILE

800 A INDICATES MICROPHONE LOCATION
2500 !
[
g00}— 2000
E £
> > REPRESENTS THE BAND OF TAKEOFFS
< < F1, F2, F3, F4, F5 AND F6
2 £ 1500 Sy
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l:g 200 - ¥
500
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22 &2 18 [ 142 & 12 B0 1 6 4 2 0
_ DISTANCE (1000 f1)
L | I 1 ] ] L !
7 6 5 4 3 2 1 0
DISTANCE (1000 m)
FIGURE 7. DC-9 REFAN FAR PART 36 FLYOVER PROFILES — TAKEOFFS WITH CUTBACK
LETTERS AND NUMBERS REFER TO FLIGHT PROFILE
800 — & INDICATES MICROPHONE LOCATION
2500( ~
[y
ool 2000 \Q FLIGHT PROFILE G1 —
£ - 1\ — —= == == — FLIGHT PROFILE G2
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g 5 N
w 00— E 3
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0
m
< 2 1000 \
E =
= T
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I 200p— I \
500 5
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ol o c6 C4 c10 c11
27 %20 18 = 14 & 12 &10 8 5 4 2 0
DISTANCE (1000 f1)
L i i 1 ] ] | |
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FIGURE 8. D39 REFAN FAR PART 36 FLYOVER PROFILES — TAKEOFFS WITH VARIED
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HEIGHT ABOVE RUNWAY [m)

200

100

LETTERS AND NUMBERS REFER TO FLIGHT PROFILE
& INDICATES MICROPHONE LOCATION

1000
REPRESENTS THE BAND OF APPROACHES FOR:
_ 01, D2, 03, D4, D5, D6, D7 AND D8
£ 800] E1, Eia, E2. E3, €4, Eds, ES, EG, E7 AND EB
X
z
£ 600
[\
w
>
? a0
g
[
- o
2 o
¥ 200
o ce ca c10 cn
22 820 18 1‘6 14 % 12, A 8 6 4 2 0
DISTANCE {1000 0
L | 1 ) | it 1 1
1 6 5 4 3 2 1 0
DISTANCE (1000 m}
FIGURE 9. DC-9 REFAN FAR PART 36 FLYOVER PROFILES — LANDING APPROACHES
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FIGURE 10. DC-9 REFAN COMMUNITY NOISE SURVEY FLIGHT PROFILE — FULL POWER TAKEOFFS
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FIGURE 11. DC-3 REFAN COMMUNITY NOISE SURVEY FLIGHT PROFILES - REDUCED POWER

TAKEOFFS
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FIGURE 12. DC-9 REFAN COMMUNITY NOISE SURVEY FLIGHT PROFILES — LEVEL FLIGHT AND
LANDING APPROACHES
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FIGURE 13. DC-9 REFAN COMMUNITY NOISE SURVEY FLIGHT PROFILES — TAKEOFFS WITH
CUTBACK
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Test Site

The Douglas Aircraft Company maintains flight test facilities at Yuma
International Airport, Yuma, Arizona. The Yuma test site has ground handling
equipment, airspace, weather conditions, and a 4054 m (13,300 ft) runway
that satisfy the requirements of the test program. It also has a Douqlas
maintained CAT Il ILS, a Laser Tracking System, a surveyed flyover-noise test
range, and a microwave transmission system.

The general topography of the test site is shown in fiqure 15. The
measurement locations were situated in an agricultural area southwest of the
Yuma airport, with an elevation of approximately 36.5 to 65.5 m (120 to 215 ft)
ubove sea level, The natural surfaces are sandy soil having various deqgrees
of compaction, with loose compaction predominating. The surfaces adjacent to
all test microphones were spaded in a random pattern, to assure consistent
surface conditions for all microphones and also to eliminate the possibility
of excessive surface absorption at any of the measurement locations. There
are no obstructions, for example, trees, buildings, hills or cliffs at any
measurement point. The test site meets the requirements of reference 4.

Although microphone location C6 was 70 feet below the runway elevation
and near a declivity, an analysis of the flyover noise data at microphone
locations C4 and Co (Appendix E)} shows that the C6 data were not significantly
affected,

PRECEDING PAGE BLANK NOT FILMED
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Measurement Systems

The Douglas Aircraft Company has designed and developed a variety of
special equipment and instrumentation subsystems to meet the requirements of
the various company conducted acoustical tests. The subsystems used during
aircraft flyover-noise testing are grouped into four categories: those for
acoustical, meteorological, space-positioning, and airplane operation para-
meters. The subsystems are shown in figure 16 and described below.

The components that make up the acoustical subsystem for the acquisition
of flyover-noise is shown in figure 17. The control of the system is from
the mobile sound-recording van shown in figure 16.

The microphones were tripod-mounted with the microphone cartridge 1.22 m
(4 feet) above the ground and oriented in such a way that the sound impingement
on the microphone diaphragm was at approximately grazing incidence throughout
the noise recording. Several microphones were flush-mounted with the cartridge
of the microphone mounted horizontally in the center of a plywood board 1.2 m
(4 ft) by 2.4 m (8 ft) by 19 mm (0.75 in.) thick with the microphone diaphragm
normal to the ground plane. An additional microphone was mounted on each of
two movable towers 10 m (33 foot) high. A1l microphones (except the flush-
mounted) used windscreens for all tests. High-frequency preemphasis was
utilized to extend the dynamic range of the measurement system.

For each noise recording, the gain settings on the signal-conditioning
ampiifiers were set to obtain optimum signal-to-noise ratios for optimum dynamic
recording range on the magnetic tape. The flyover-noise data were recorded on
a l4-channel intermediate-band FM recorder operating at 76 mm (30 in) per
second. In addition, the time of day (IRIG-B code) synchronized to the
standard-time broadcast by radio station WWY (National Bureau of Standards)
was recorded on a separate tape channel, along with each flyover-noisa
recordina. A dynamic system calibration with a reference sound pressure
level was recorded in the field with a piston phone. Also, the frequency
response of the recording systems (excluding microphone cartridge) was
calibrated with a recording of a broadband “pink" noise generated by a precision
pseudo random noise generator for a period of 2.2 seconds. Immediately
beforz or after each flyover-noise measurement, a recording was made of the
ambient noise levels, with the same system gain setting as that used for the
flyover recording.

The definition of flyover-noise levels for specific aircraft operation
parameters requires the monitoring and recording of (1) airplane flight
conditions, (2) propulsion system operatfon, and (3) airplane systems con-
figuration.

The flight test aircraft was equipped with the Douglas Airborne Digitail
Data System {ADDS) and a cockpit camera focused on the pilot instrument panel.

The ADDS is designed to monitor the aircraft and engine operating para-
meters by means of an airborne integrating data system, a telemetry microwave
1ink, and a ground data center. The ADDS system proyided real-time monitoring
aboard the aircraft and a magnetic tape recording for subsequent processing.

PRECEDING PAGE BLANK NOT HFILMED s
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FIGURE 16. AIRPLANE FLYOVER — NOISE MEASUFEMENT SYSTEMS




raTpeme s m e e

-~ >

em s e e

—————A r —
H-P BO57
([ Paevose || .
I | ceneraTOR | | |
l | | | sakaraa
| | saxaz20 | | | MicropHoNE
| | psTonPHONE | |
L x l B&K 2619
—_—_——— | PREAMP
FIELD
SYSTEM | TRiPGD l
CALIBRATORS
| [6ak a1 REMOTE
| [MICROPHONE
POWER SUPPLY

L——F—_

]

e — e ———— — —

FIELD
MICROPHONE
STATION

UP TG 10,000 FT TWISTED SHIELDED

SOUND RECORDING VAN

T TWO-CONDUCTOR CABLE

IMPEDANCE-MATCHING
TRANSFORMERS

BENDIX RT 221A
VHF TRANSCE{VER

v

12.CHANNEL
‘ IGNAL AMPLIFIER/ OSCILLO-
ATTENUATOR P
VOICE VOICE CUE
micROPHONE [P AMPLIFIER
VU
METERS
SYS DON 8350
e TIME CODE
Ty g [T,
RECEIVEP READER SELECTOR £OR
‘ 1} MONITORING
SANGAMO 3500 14-CHANNE L
FM MAGNETIC TAPE RECORDER/
REPRODUCER
NOISE LEVEL MONITORING
B&K 2204
SOUND METER
(A-FILTER) ‘ ‘ ‘
“ UDIO SPEAKER H-P 12028 H-P 4038
BEK 2305 EVSTEM OSCILLOSCOPE VOLTMETER
SOUND LEVEL
CHART RECORDER

LOCATED IN AUXILIARY
RECORDING TRAILER

ELECTRICAL POWER
SYSTEM

85-AMP DC ENG ALT

DC-AC INVERTER

80-AMP HR NI CAD
BATT

FIGURE 17. FLYOVER NOISE DATA ACQUISITION {YSTEM



O
0l

26

Surface temperature and relative humidity required for determining the
attenuation of flyover-ncise due to atmospheric absorption and for correcting
the measured SPL's to standard or reference-day weather conditjons were
i'ecorded,

The meteorological equipment used to measure surface weather conditions

includes a 10 meter Mobile Atmuspheric Recording Tower (MART) system (figure 18)

with a Weather Measure temperature and relative-humidity measuring system and
Beckman~Whitney wind measuremernit system. Each produced a strip chart record
on time-calfbrated paper.

Soundings of upper-air weather data were taken before, during, and after
the flyover-noise tests, to define the vertical gradients of temperature,
humidity, air turbulence, and wind. Temperature and relative humidity were
obtained from continuous analog recordings obtained from an instrumented 1ight
airplane (figure 19). The aircraft sensors are part of a Meteorology Research
Inc. (MRI) airborne instrument package. The ambient air Lemperature was
measured by an MRI Vortex Temperature Sensor, The Humidity Sensor shown in
figure 19 was supplemented by a Dewpoint Sensor, to obtain a greater degree of
accuracy for these tests. The wind speed and direction were obtained from
theodolite tracking of weather balloons. The minimum accuracies of the
measurements are + 0.3°C (+ 0.5°F) for air temperature and the difference
between ary- and wet-bulb temperature, + 1.5 m/s {+ 3 knots) for wind speed,
and + 10° for wind direction.

Also installed in the airplane as a MRI Universal Indicated Turbulence
System, which consisted of four com. -~ents: -a pitot-static tube( figure 19),
a sensitive fast response differential pressure transducer, a solid-state
signal ronverter, and an appropriate panel indicator, Through the use of a
minifature computer, the turbulence signal was converted to an output that was
then displayed on an analeg recorder. The levels of turbulence R, are scaled
from 0.0 for calm air to 10.0 for severe turbulence in a small aircraft. The
quoted accuracy of the system is + 1.0 R.

Space-positioning data were measured during the flyover-noise testing
to determine sound-path distances. The sound path distances were synchronized
in time with the noise data. The Mobile Automatic Laser Tracking system
(MALT) uses an auto-track monopulse optical-radar, with a multipower laser as
the ranging-beam energy source. MALT , is self contained fn a small truck
{(figure 20?. uses a portable power source, and can acquire, track, and record
the position of a retroreflector-equipped airplane (figure 16). Tracking
range is up to 18 288 m (60,000 ft) with elevation coverage of -0.09 to + 0.79
rad (-5° to +45°), and azimuth coverage of + 2.09 rad (+ 120°). Line of
sight permitting, microphone locations were also determined from the MALT van,
thereby eliminating the need of a transit survey. All space positioning
data (and time codes) were recorded on magnetic tape in a digital fomat for
subsequent computer processing.

Certain of the landing approach flyovers were mzde with flight test paths
other than that of the Yuma aivport ILS. To help the pilot maintain the
required glideslope, a pulsed 1ight visual landing aid (PLVLA) consisting
of a portable light system was used (figure 21).
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FIGURE 21. PULSED LIGHT VISUAL LANDING AID (PLVLA)
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Data Processing Systems

Noise signal recordings were reduced to time-series spectra by the
Douglas-developed Controlled Integrating Spectrum Analyzer {CISA) shown in
figure 22. Figure 23 is a block diagram of the system, illustrating the data
flow and monitoring points. The system consists primarily of a General Radio
(GR) 1921 Real-Time Audio Spectrum Analyzer controlled by a small digital
computer, An incremental magnetic tape is generated for further data
processing within a large-scale digital computer. The GR-1921 is a hybrid
spectrum analyzer with 24 analog 1/3-octave-band filters and a digital detector
section employing true integration techniques. This analysis system meets the
requirements specified in paragraph A36.2?d} of FAR Part 36. Table 2 1ists
some of the basis characteristics of the major components comprising CISA.

Each flyover-noise recording was digitized by using a 0.5 second integra-
tion period mode within the GR-1921, to encompass ambient noise and the 10-PNdB
down points both before and after the point of maximum Tone Corrected Perceived
Noise Level (PNLTM). The digitizing time-spans were determined from A-weighted-
level histories of the flyover-noise recordings.

The SPL reference calibration signals, the broadband "pink" random noise,
the frequency-response calibration sigrals, and the ambient noise were digfit-
jzed for subsequent computer nrocessing. An approximate 10 second period of
ambient noise was analyzed fov each flyover-noise recording.

The computer program accounts for all gain adjustments applied to the
data generated by CISA, normalizes the 1/3-octave-band levels by using
reference-level calibration signals of any freaquency in the range of interest,
adjusts for system frequency response by using recorded broadband-random
"pink" noise signals, and accounts for the presence of background noise on
an energy basis,

To obtain the maximum degree of repeatability, the "pink" noise frequency
response calibration was processed by ensemble averaging of thirty data sample
points with 2.3 second integration-time,

The computer program corrects any effects that the ambient noise may have
on the flyover-noise SPL's and to ensure that erroneous spectral irregularity
corrections are not computed when the flyover-noise levels fall beiow the ambient
noise levels. All fiyover-noise levels between 5 dB and 10 dB of the ambient
noise were corrected for the presence of the ambient noise on an energy basis.
A11 flyover-noise bund levels within 5 dB of the ambient-noise level were deleted

To meet the requirements of FAR Part 36, Paragraph A36.2(d)(4), the
computer program performs "movino averages" of three 0.5 second scans (obtained
from the CISA 0.5 second integration-time samples) to produce sound pressure
values (corresponding to “Slow" on a Sound Level Meter) every 0.5 second. For
those engine performance parameters that vary during a flyover, average values
were determined over a short time interval (minimum distance divided by 200)
centered at time of maximum tone corrected perceived noise level. Other per-
formance parameters that remain constant were obtatned from the data tabulations,
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FIGURE 22. FLIGHT DATA CENTER
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FIGURE 23. CONTROLLED INTEGRATING SPECTRUM ANALYZER (CISA)

TABLE 2

CHARACTERISTICS OF THE CONTROLLED INTEGRATING SPECTRUM ANALYZER (CiSA)

GENERAL HADIO 1921 REAL-TIME AUDIOQ SPECTRUM ANALYZER it
FILTEAS ONE-THIRD OCTAVE BAND (ANALOGY
CHANNELS J0PARALLEL

FAEQUENCY RANGE (GMF) 125 Hz TO 10 KHr

DYNAMIC RANGE 60 d8 (DISPLAYED!

TYPE OF DETECTOR DIGITAL {TAUE INTEGRATION}

BASIC ACCURACY $05 0B (+1.0d8 OVER ENTIRE \'S
AMPLITUDE RANGE}
AESOLUTION 102508

CREST FACTOR CAPACITY
DETECTOR CHARACTERISTICS

10dB AT FULL SCALE
RAMS WITH TRUE (LINEAR} INTEGRATION

INTEGRATION PERIODS NOMINAL |SEC) ACTUAL ISEC) v
18 om
174 0N
12 0.500
1 1150
2 2 J00
r 4 600
a8 9139
'6 18 338
n 36 194 wi
DIGITAL OUTPUTS 8C0 AND BINARY
NOMINAL SENSITIVITY 0.1 VOLTS RMS, FULL SCALE wn

DIGITAL EQUIPMENT CORP PROUGRAMMED DAYA FROCESSOR 1PDP B/L)

MEMORY SIZE 4096 12-B1T WORDS
CYCLE TIME 1 6 MICRO-SECONDS
1O FACILITIES ASR-J3 TELETYPE HIGH SPEED PAPER

TAPE AEADER/PUNCH

PAGGRAM LANGUAGE PAL IN

Gge B
O pouB, QUALITY

* e

KENNEDY MODEL 1600/360 INCREMENTAL TAPE RECORDER

TAPE DENSITY 800 BPI

WRITING SPEED 500 CHAR/SEC

TAPE 1/2 INCH COMPUTER TAPE

TAPE FORMAT 1BM SYSTEM/360 COMPATIBLE
9 TRACK NR

CONTINUQUS AEAD CAPABILITY
SYSTRON DONNER B130 TIME CODE TRANSLATOR

CODE MOOIFIED IRIG B

CODE QUTPUT 8CD OF HOUR MINUTE
AND SECOND

BELL & HOWELL VA 3700A CECIDATATAPE

TRACKS 14

SPEED 33/41P5 TQ 120 1P5

TAPE 1-INCH WIDTH

MQDE L]

BANDWIDTH {23 dB) OC 10,000 Mz AT 35 IPS IN

FM MODE

PROGRAMMED SIGNAL SELECTOR AND CONDITIONEH
ATTENUATION 16,7 dB SYEPS
ACCURACY 101 dB/STEP

SYSTEM QUTPUT AND TIMING

MAGNETIC TAPE QUTPUT FORMAT
CONTENTS

BINARY AND ASCII

B8~NODNO LEVEL 1dH)
PLUS IDENTHFICATION

24 CHANNEL GR1921/FDP B
DATA TRANSFER

1IMSEC (TOTAL TIME
PERINTEGRATHON PEHIND
THAT NOISE DATA ISNOT
BEING ANALYZEDH
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A computer program was used to edit and combine the measured 1/3-octave
band levels from the CISA system, the space-positioning data generated by MALT,
the airplane-performance data as recorded by the ADDS, and the meteorological
data from MART. The resulting magnetic tape was then input to another
Douglas-daveloped computer program for subsequent data analyses.
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DATA ANALYSIS AND CONFIDENCE
Data Analysis

The magnetic tape generated by the digital computing system is the source
of input data for an IBM 360 computer program used to process the flyover-
?ois$ data, to calculate test and reference EPNL's and peak A-veighted sound

evels,

A flow diagram of that Douglas-developed computer program is shown in
figure 24. The computer print out can provide a variety of selectable data
presentation formats. One of the basic data presentations avatlable is the
measured SPL history that provides 1/3-octave band spectra at 0.5 second
intervals. Other data also presented at these same intervals are: overall
SPL (OASPL), A-weighted sound level dB(A), perceived noise level (PNL), tone
corrected perceived noise level (PNLT), acoustic range, and optical range.

A number of corrections must be applied to the measured data to account
for differences between test conditions and required reference conditions.
The parameters which must be adjusted to reference conditions are temperature,
relative humidity, flight path, referred net thrust, and airplane path speed.
Temperature and relative humidity adjustments affect noise attenuation during
propagation along the sound path as calculated according to the procedures of
ARP 866, Flight path adjustments affect sound attenuation due to noise path
distance changes, but in addition the duration correciion is also affected.
The airplane path speed adjustment also requires a change in the duration
correction factor, The application of all the preceding corrections excepting
the thrust and path speed corrections is as specified in FAR Part 36,
paragraph A36.6.

The thrust correction is actually derived from the weight correction and
approach angle correction as discussed in the above referenced paragraph, but
a brief explanation of its implementation should help clarify {its application.
Measured data obtained during regular and correction runs are corrected to
reference weather, distance, and airspeed to provide EPNL values at a range
of thrusts at each of the FAR Part 36 measurement locations. A plot of EPNL
vs referred net thrust (FN/5) is made for sideline, takeoff, cutback, and
approach as required. A thrust correction factor is then found from these
plots for each of these measurement locations at reference conditions. This
thrust correction factor can be input to the computer program to be used in
adjusting measured thrust to reference thrust.

The path speed correction, although not originally included in FAR Part 36,
was specified later by the Federal Aviation Administration. This correction
is calculated by the following formulaAEPNL = 10 logjg (test airspeed/
reference airspeed).

Studies using flush microphones have shown that ground reflections sometimes

produce pseudotones at low frequencies. As a result of these studies, computer

calculated tone corrections having tone correction frequencies 630 Hz and
below have been removed.
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Data Confidence

The statistical accuracy based on 166 points is tabulated in table 3
in temms of the 90 percent confidence limits. The noise data used were
weasured at the centerline microphones, corrected to reference-weather
conditions, adjusted to the reference airspeed, and normalized to a particular
altitude, No adjustment was made in the measured thrust.

The data values were qrouped into sets according to the aircraft flight
condition (i.e., takeoff, takeoff with cutback, and approach) and adjusted to
a common altitude by the technique shown in figure 25. The sample data point
was adjusted from its measured CPA of 2040 feet to a common slant range of
2270 feet along a path parallel to a segment of the 13,000 pound thrust curve
from figure 32. Applying a AEPHL of -1.7 EPNdB to the measured 97.9 EPNdB
(at CPﬁg results in an EPNL of 96.2. Each data point was similarly adjusted
to 2270 feet, and the percent confidence limits of the eight data points were
determined by using the small-sample t-distribution method (page 244 of
reference 5) as follows:

The 90 percent confidence limits, M , for a smali-sample is given by

- S
K= X tt o o

where t( 05) is the distribution factor that depends on the number of samples,

S - \/("1'*)2 oA o

n=-1

and X 1s the average of n samples consisting of X], XZ’ cees Xn.

Confidence limits were calculated for several slant ranges (normalized
altitude) and power settings. The results, shown in table 3, indicate the
90 percent ccnfidence 1imits are less than + 0.8 EPNdB for all aircraft fiight

conditions and altitudes.
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TABLE 3

DC-9 REFAN FLLYOVER-NOISE CONFIDENCE LIMITS

ALTITUDE TO WHICH :g;;&téli‘n&
FLIGHT DATA WERE NORMALIZED, AVERAGE THRUST NO. OF DATA LIMITS
CONDITION FEET (m) Fo /8. LB (N) POINTS (EPNUB)
TAKEOFF 500 {152.1) 13,635 (60,648) a 10,72
1000 {304.8) 13,606 (60,519 4 £0.60
2200 (670.6) 13,690 {60,893) 3 £0.76
2270 (691.4) 13,748 {61,151) 8 £0.59
CUTBACK 2270 (691.4) 9,070 (40,343) 10 £0.41
APPROACH 370 {112.8) 5,742 (25,540) 23 10.51
50% FLAPS 400 {121.3) 5,762 (25,629) 12 £0.76
550 {167.6) 5,579 (24,815) 12 +0.66
800 (243.8) 5,746 | 26,558) " 10.78
1220 (371.9} 3,113 (13,847) 9 +0.56
1810 (551.7) 3,313(14,736) 7 +0.64
APPROACH 370 {112.8} 3,711 {16,508 24 +0,23
35° FLAPS 400 (121.3) 3,803 (16,916) 12 +0.44
550 (167.6) 3,732 (16,600) 14 +0.32
800 (243.8) 3,776 {16,796 13 £0,63
110
=
-
E
ui DATA POINT TO BE ADJUSTED
-
w
>
4 100 \
w ‘g
@
o]
9 AEF;NL
2
2
w
Q)
@
E 90 %—
Ig
2 REF DAY EPNL ADJUSTED TO REFERENCE
5 AIRSPEED (180 KN) AT MEASURED CPA
o OF 2040 FEET {622 METERS) = 97.9 EPNGB
& ALTITUDE ADJUSTMENT, AEPNL = —1.7 EPNdB
u "EPNL ADJUSTED TO 2270 FEET (692 METERS) = 96.2 EPNdB
ao |
600 800 1000 1500 2000 4000 6000
SLANT RANGE AT CPA (ft}
L i | | L | )
200 400 600 800 1000 1500 2000

SLANT RANGE AT CPA IMETERS)
FIGURE 25. DATA POINT ALTITUDE ADJUSTMENT
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NOISE LEVELS AT FAR PART 36 LOCATIONS

The effective perceived noise levels (EPNL) for the FAR Part 36 conditions
for sideline, takeoff with and without cutback, and approach flights were
determined. Selected test data were analyzed according to procedures defined
in FAR Part 36, Appendix A, Section A36.6 (reference 4). The statistical
confidence 1imits associated with the noise levels presented are included.

The FAR Part 36 noise levels were calculated using aerodynamic reference
conditions without pitch limit for the Refan aircraft and with a 0.272 rad
(15.6 deg) pitch 1imit for both the C9A and the October 1974 baseline hard-
wall nacelle airplanes. The pitch 1imit was used for the hardwall airplanes
in order to be consistent with existing certification noise data.
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Sideline

Four microphones located to the left of the extended runway centerline
(locations S0, S19, S16, and S18, figure 15) and one located to the right of
centerline {location S20, the symmetrical microphone to $16, figure 15? were
used to record sideline noise during six takeoff runs.

By FAR Part 36 procedures, sideline noise levels must be measured during
reqular takeoff runs. For these tests, the data were acquired during takeoff
runs which include a thrust cutback. To show that the microphone location
selected for sideline measurements represents the point of maximum sideiine
noise during takeoff, EPNL values measured at the Tive sideline locations
were plotted as a function of aircraft distance from brake release (DFBR).
Figure 26 shows the curve faired through the average values of EPNL. The data
were adjusted to the reference aircraft conditions of thrust altitude and air-
speed along the flight path. Since application of reference thrust to the
noise lTevels measured at S18 was impractical due to thrust cutback during
this period, noise levels were normalized to the average thrust of the six
runs. The data plotted for S18 reflect this normalization. Figure 26 shows
that the maximum noise along the 463 meter (0.25 N Mi) sideline occurs at a
g;BR of approximately 3200 meters (12,750 ft) at microphone locations 516 and

0.

The effect of aircraft altitude on sideline EPNL is presented in figure
27, It shows that the maximum sideline noise level may occur at aircraft
altitudes of 214 meters (700 ft) to 305 meters {1,000 ft.).

Test day EPNL values shown in figure 28 were used to establish a correc-
tion curve from which thrusts of individual runs were adjusted to that of the
reference thrust. The reference sideline noise level was obtained from the
average of the six runs listed in table 4. The maximum sideline noise refer-
ence EPNL values are listed in table 5 for an aircraft takeoff gross weight
of 48,988 kg (113,000 1b) using zero degree flap and 6% overspeed. These
values, obtained from the averaged EPNL levels of microphone S16 and S20 were
taken from test runs 11, 12, and 16 through 19. Removal of tones due to
ground refelections was performed on EPNL values where tones appeared at
frequencies of 630 Hertz or less, The average EPNL values for the FAR Part 36
reference sideline noise level is 95.3 EPNdB.

The EPNL values shown in figure 28 may show a slight difference from the
average FAR Part 36 reference sideline noise levels because the correction run
flap settings, climb gradients, and altitude are different than the FAR Part 36
reference conditions. The correction runs are only performed to determine the
relative varfation in EPNL versus thrust, not absolute levels. The airplane
was flown at a reference airspeed and power setting with various flap angles
and climb gradients used to maintain that airspeed. Therefore, slightly
different noise leveis are to be expected.

Appendix C contains supporting summary computer listings of the aircraft :
performance {table C-1.1)} and flyover-noise data {table C-2). It includes a at
flyover-noise analysis computer program print out for Run 16, microphone 7
Tocation S16, which is typical of the sideline noise data (table C-7.1).
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TABLE 5

TR e

FAR PART 36 SIDELINE REFERENCE NOISE LEVEL

REFERENCE CONDITIONS

GROSS WEIGHT LB (KG) 108,000 (48,988)
FLAP SETTING — OVERSPEED (DEG-PERCENT) 0-6
a . VTAS KNQTS) 176.8
) REFERRED FN/B L8 (N) 13,721 {61,031}
¥ MICROPHONE LOCATION AVERAGE QOF S16/520
?; MICROPHOMNE NUMBER 9/10
: AVERAGE
LOC 516 AND
MICROPHONE MICROPHONE 520
LOCATION S§16 LOCATION 520 TONE
TONE TONE TONE TONE CORRECTION
CORRECTION CORRECTION CORRECTION CORRKRECTION REMOVED
AUN INCLUDED REMOVED INCLUDED REMOVED AVERAGE
: NUMBER {EPNdJB) {EPNB) {EPNdB) (EPNdSB) {EPNAB)
1 97.3 85,0 97.3 95.7 95.4
: 12 96.7 94.6 97.8 96.8 95.7
16 96.9 94,5 97.6 95,9 46,2
17 96,7 24.4 97.7 95.6 95,0
: 18 96,8 94.8 97.4 95.3 95.0
i 19 97.7 96.0 97.4 95.4 95.7
f REFERENCE NOISE LEVEL (E?dB} 95.3
SOPERCENT CONFIDENCE LEVEL (EPNAB) 10.3
: REQUIREMENT (EPNJB) 103.1
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Takeoff

Reference noise levels for takeoff without power cutback were determined
from measurements obtained at a location 3.5 N Mi from brake release (location
€6 in figure 15).

The measured data for the six test runs, adjusted to the veference
condition, were averaged to obtain the reference takeoff noise lovel and are
listed in table 6 . A plot of the takeoff noise levels from the takeoff
correction runs at various power settings is shown in figure 29, From this
figure, adjustments for thrust differences from the reference conditions were
obtained and applied.

The reference EPNL value for takeoff with a gross weight of 48,988 kg
(108,000 1b) and 0° flap setting with 6 percent overspeed is presented in
table 7 . It was obtained from the average of noise levels from test runs
9, 10, 13, 53, 54 and 55. The FAR Part 36 reference takeoff noise level is
96.2 EPNdB.

The EPNL values shown in figure 29 may show a slight difference from the
average FAR Part 36 reference takeoff noise levels because the correction run
flap settings, climb gradients, and altitude are different than the FAR Part 36
reference conditions. The correction runs are only performed to determine the
relative variation in EPNL versus thrust, not absolute levels, The airplane
was flown at a reference airspeed and power setting with various flap angles
and climb gradients used to maintain that ajrspeed. Therefore, slightly
different noise levels are to be expected.

Appendix C includes supporting summary computer 1istings of the aircraft
performance (tabie C-7.2) and flyover-noise data (table C-7,3). Also, a more

detaiied flyover-noise computer program print out for test run 10 was included
as typical of the takeoff noise data (table C-7.2).
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TABLE 6
SUMMARY OF FAR PART 36 TAKEOFF FLYOVER-NOISE DATA

741 REGISTRATION NO. N54638 TEST DATE 1-29-75

FUSELAGE NO.

MODEL 0DC-9-31
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REFERENCE CONDITIONS

TABLE 7
FAR PART 36 TAKEOFF REFERENCE NOISE LEVELS

GROSS WEIGHT LB (KG) 108,000 {(46,988)
FLAP SETTING — OVERSPEED {DEG-PERCENT} 06
HEIGHT AT 3.5 N MJ ft {m) 2472 742}
CLIMB GRADIENT PERCENT 15,54
Vias {KNOTS) 180.3
REFERRED F /8 LB (N} 13,891 (61,787)
MICROPHONE LOCATION c6
MICROPHONE NUMBER 1

TONE TONE
CORRECTION CORRECTION
RUN INCLUDED REMOVED
NUMBER (EPN¢B) (EPNdB)

9 96,3 95,4
10 96.5 95,7
13 96.6 96.6
53 7.7 96.8
54 88,1 97.1
656 97.3 96.3

REFERENCE NOISE LEVEL (EPNdB) 96.2

S0-PERCENT CONFIDENCE LEVEL (EPNdB) 0.6

REQUIREMENT (EPNdB) 956
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Takeoff With Cutback

Reference noise levels for takeoff with power cutback were determined
from measurements obtained at a location 3.5 N Mi from brake release {location
€6 in figure 15 ).

To insure that stabilized cutback power conditions were reached before
the noise measurement point, several cutback correction test runs were made.
Table 8 presents the test aircraft speed, elapsed times between start of
cutback and the time where the EPNL noise level was 10 dB down from the
maximum, and the average elapsed time of all the test runs. From this infor-
mation, the average cutback distance before the monitor was found to be 1014 m
(3327 ft), indicating that the cutback in engine power was stabilized and that
the measured noise levels were not affected by enaine spooldown., Further
evaluation indicated that spooldown was complete by 300 m (986 ft), however,
to eliminate noise produced before cutback from affecting the 10 dB down point,
the cutback distance before the monitor, based on results from the correction
runs, was 915 m (3,000 ft). This value was used for all cutback reference
determinations. The measured test data for the six runs averaged to obtain
the reference takeoff with cutback noise level are listed in table 9.

The noise adjustment curve used for takeoff with cutback for various
power settings is shown in figure 30, HNoise levels from the six test runs
were adjusted to the reference takeoff with cutback perforwmance conditions
for a gross weight of 48,988 kg (108,000 1b) and 0° flap setting with 6 percent
overspeed. Tone corrections were removed by using the criteria discussed above.
The average reference EPNL for test runs 11, 12 and 16 through 19 was deter-
mined. The FAR Part 36 reference for takeoff with cutback noise level is
87.5 EPNdB.

The EPNL values shown in figure 30 may show a slight difference from the
average FAR Part 36 reference takeoff cutback noise levels because the
correction run flap settings, climb or descent gradients, and altitude are
different than the FAR Part 36 rzference conditions, The correction runs are
only performed to determine the relative variatfon in EPHL versus thrust, not
absolute levels. The airplane was flown at a reference airspeed and power set-
ting with varfous flap angles and climb or descent gradients used to maintain
that airspeed. Therefore, slightly different noise levels are to be expected.

Appendix C, contains supporting computer Vistings of aircraft performance
and flyover-noise data are presented in tables C-1.3 and C-4. Table C-7.3
includes the flyover-noise computer program print out for test Run 16, which
is typical of the data for takeoff with cutback.
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TABLE 8

CUTBACK DISTANCE DETERMINATION

3
o &
3y ;;?é’ $A‘3’ @
EL /o8 /&% 3
O~ /O8F /&8 / & s
& o -"oq}’§ g 5
s /EF /3R~ / & &
O /X LS Q A
E2 /0 3/ &3 T
/85 /88 S/ & ) £
offF/SE/ 85/ & [ &
N L)
11844 | 1682.4 | 965- | 956 | 9.56-
(361.0) | (5128)| 560 | 185 | 08sS
1035.6 | 33594 | 103 | 104. | 104
1315.6) | (102391 | 495 | 110 | ooo
16 | 1744 | 2044 | 1042- | 10.42- | 25 | 10.42- | 124 | 36s5c6 | 736.0 | 2641.7 | 10-42. | 10.43- | 10-42.
(89.7) | 375 | 40.0 499 {1112, (224.3) [(1110.0) | 455 0.5 56.0
17 1768 298.4 10.49- 10-48. 3.5 10.50. 141 "4207.4 1044.4 | 4195.6 10.50- 10-50- 10.50-
1909 | 525 | 560 6.6 11282.4) | (3+8.3) }12788) | 025 | 225 | 115
18 | 1750 | 205« | 1100 | 110 ! 3.0 | 10 | 126 | 37220 see.2| 37095 | 110- | 100 | 110
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89.9) | 400 | 435 51.5 {1033.7) [ 4314.6) [(10284) | 475 | 080 | 565
i A
AVERAGE 3327.1 (1014.1}
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TABLE 10

FAR PART 36 TAKEOFF WiTH CUTBACK REFERENCE NOISE LEVEL

REFERENCE CONDITIONS
GROSS WEIGHT
FLAPSETTING — OVERSPEED

LB (KG)

108,000 (43,900}

(DEG-PERCENT) 0-6
HEIGHT AT 3.5 N M| ft {m) 2245 (707)
CLIMB GRADIENT {(PERCENT} 15.54/8.27
Vias {KNOTS) 179.7
REFERRED F /6 Le (N) 9,451 {42,038)
CUTBACK DISTANCE FT (M) 3000 {315)
MICROPHONE LOCATION c6
MICROPHONE NUMBER 1

TONE TONE
CORRECTION CORRECTION
RUN INCLUDED REMOVED
NUMBER (EPNdB) {EPNdB)
" 88.7 88.1
12 88.0 87.3
16 87.9 87.4
17 87.5 86.9
18 . 88.3 87.7
19 88.0 87.5

REFERENCE NOISE LEVEL (EPNdE} 87.6

90-PERCENT CONFIDENCE LEVEL {EPNdB) +0.3

REQUIREMENT (EPNdB} 95.6
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Approach

Landing approach noise levels were determined fron seasurements obtained
from a location simulated to be 1.0 H.Mi, from the runway threshold (location
C10 in figure 15).

The measured data for the test runs averaged to obtain the reference
landing approach noise levels are listed in tables 11 and 12. Ficure 31
shows the noise levels for various landing approach power settings. Adjust-
ments were applied for the differences between the measured and reference
conditions for a gross weight of 44,906 kg (99,000 1b) and 0.873 rad and .611
rad (50 and 35 degrees) flap setting. Tone corrections were removed by using
the criteria discussed previously. In addition, any tones occurring above
630 Hz were given special consideration as to whether they represented actual
tones, or were psuedotones to be removed from the reference EPHL v Tue.

The EPHL values shown in figure 31 may show a slight difference from the
average FAR Part 36 reference approach noise levels because the correction
run flap settings, descent gradients, and altitude are different than the
FAR Part 36 reference conditions. The correction runs are only performed to
determine the relative variation in EPNL versus thrust, not absolute levels.
The airplane was flown at a reference airspeed and power setting with various
flap angles and descent gradients used to maintain that airspeed. Therefore,
slightly different noise levels are to be expected,

The noise level for landing approach with a 0.873 rad (50 degrees) flap
setting was determined from the average of the reference EPNL values for test
runs 27 through 32. Similarly, the noise level for landing approach with a
.611 rad (35 degree) flap setting was determined from the average of the
reference EPNL values obtained from test runs 42 throuah 44, 45, and 48 through
50 (table 13). Tha FAR Part 36 reference approach noise levels are 97.4 EPNdB
for 0.873 rad flap setting and 95,7 EPNdB for 0.611 rad flap setting.

Appendix C contains supporting computer listings of aircraft performance
and flyover-noise data are presented in tables C-1.4, C-1.5, C-5 and C-6.
Table C-7.4 and C-7.5 include the flyover-noise computer program print out for
test Runs 27 and 44, which are included as typical of the landing approach data.
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SUMMARY GF FAR PART 36 APPROACH FLYOVER-NOISE DATA — 35-DEGREE FLAP SETTING
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EFFECTIVE PERCEIVED NOISE LEVEL (EPNdB)
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FIGURE 31. VARIATION OF DC-9 REFAN FAR PART 36 APPROACH NOISE LEVEL WITH THRUST
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TABLE 13
FAR PART 36 LANDING APPROACH REFERENCE NOISE LEVEL

REFERENCE CONDITIONS

GROSS WEIGHT LB {KG)
FLLAP SETTING (DEG)
MEIGHT AT 1.0 N MI FT (m)
GLIDE!:LOPE {DEG)
Vias (KNOTS)
REFERRED F /6 LB (N}

MIC ROPHONE L OCATION
MICROPHONE ¢ 1BER

99,000 (44,96} 99,000 (44,906)

50 35
370 (113) 370 (113)
3 3
141.4 146.9
5,362 {23,850) 3,810 (16,947)
cl0 clo
& ]

50-DEGREE FLAP 35.DEGREE FLAP
TONE TONE

RUN CORHECTION CORRECTION

NUMBER REMOVED RUN REMOVED
(EPNdB) NUMBER {EPNGB)

27 97.9 a2 95.0
28 97.5 a3 96.5
29 96.9 a4 95.5
30 97.7 46 93.0
3 97.3 48 95.6
3z 97.3 49 96.2
50 95,3
REFERENCE NOISE LEVEL (EPNJB) 91.4 95.7
90PERCENT CONFIDENCE LEVEL  {EPNdB} +0.3 10,4
REQUIREMENT {EPNGB) 103.1 1031
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Accuracy

Applying the small-sample t-distribution and standard deviation equation
as noted previously, the confidence 1imits on the DC-9 Refan FAR Part 36
noise levels vere determined. The results indicate the 90 percent confirence
1imits to be better than + 0.6 EPNdB. This is well under the + 1.5 EPNdB
established as an FAA requivement. The following are the FAR Part 36 noise
levels and the respective limits of 90 percent confidence:

Sideline Takeoff Takeoff with Cutback Approach

8¢ = 0.873 rad
(50 degrees)

87.5 + 0.3 EPNdB 97.4 + 0.3 EPNdB

6f = 0.611 rad
(35 degrees)

95,3 + 0.3 EPNdB 96.2 + 0.6

95.7 + 0.4 EPNdB
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Baseline Noise Levels

Two sets of baseline noise levels may be used to determine the noise
reductions achieved by the Refan flyover test program, The first set of
noise levels were obtained from tests conducted in October 1974 as a part of
intemix certification of DC-9-30 airplanes. The second set were the results
of the limited flyover noise tests (C-9A) conducted as a part of the Refan
program. The nuise levels obtained from both tests are tabulated, below.

APPR, APPR.

S.L. T.0. c/B 0.873 rad 0.611 rad
(50 degrees) (3% degrees)

Hardwall Intermix

0C=9-~30/JT80-9 99.8 102.7 97.4 103.0 100.9
Hardwall C-9A
DC-9-32/J78D-9 N.A, N.A. 95,7 106.1 N.A.

M.A. = Not Available

The differences between two sets of noise levels may be attributed to the
differences in meteorological conditions experienced during both flyover
noise tests. The baseline and DC-9 Refan airplane noise levels reported
herein were adjusted for deviations from the atmospheric condition of 25°C
(77°F), 70 percent relative humidity and sea level pressure on the basis of
data recorded at the 10 meter mobile atmospheric recording tower. This
method of adjusting for atmospheric conditions does not account for dis-
similarities in weather along the sound/path that eristed during the tests
of the different afrplanes, Several current research efforts are investigating
the feasibility of developing reliable analytical methods of adjusting noise
levels recorded under diverse sound-path atmospheric conditions to values
corresponding iv a uniform atmosphere at standard FAR Part 36 conditions. The
application of such methods to the data used for the comparison above would
lead to more accuratz absolute and relative levels.

PRECEDING PAGE BLANK NOT FILMED
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NOISE-LEVEL VARIATIONS WITH DISTANCE

The procedure used for developing a family of noise-level-vs-distance
curves will be described. The parameter used to characterize individual
curves in the family is referred net thrust Fy/s.

A computer program printout of test day effective perceived noise levels
(EPNL) adjusted to the reference conditions of weather, distance, and ajrspeed
is used to obtain corrected reference-weather noise levels. Tone corrections
due to pseudotones are removed. From the available overhead flyover-noise
data, (table 14), plots of EPNL variations with Fulﬁ at various reference
distances are prepared by fairing lines of best fit through the individual
data peints. From those plots, the noise level at selected values of referred
net thrust can be found for various distances. The EPNL's at the selected
referred net thrust values and at the available reference distances are
plotted, and curves of constant Fy/5 are drawn through the data points.

Certain assumptions must be made in fairing curves through the data
points, since the points generally do not all fall either in straight lines
or on simple curves. The assumptions are (1) that each curve of EPNL plotted
on semilog paper is a smooth monotonically decreasing function of distance
and (2) that the set of curves is really a family such that a cross plot at
any selected distance would also be a smooth curve. These assumptions are
based on the position that noise levels decrease smoothly with distance and
that noise levels increase smoothly with thrust if other parameters remain
constant.

The distances used are the distance at the closest point to aircraft
(CPA), that is the minimum distance between the flight path and the micro-
phone. This is not necessarily the distance the sound travels from the
airplane to the receiver at the time of PNLTM. The distance CPA is more
convenient in relating to the community noise exposure.

From the family of curves based on the best overall fit to the data,
cross plots at selected ranges from 61 m (200 ft) to 2 440 m (8,000 ft) are
derived, Any frregularities observed in the family of cross plots are
smoothed out, but with minimum shifts in the position of the original curves.

The curves for Fy/s above 31 136 K (7,000 1b) are normalized to a take-
off airspeed of 180 knots. For Fy/6 values equal to or less than 31 136 N
{7,000 1b) the curves are normalized to an approach airspeed of 140 knots.
Therefore, the family of cross-plot curves will have a discontinuity at
Fy/6 = 31 136 N (7,000 1b). When the airspeed correction factor is used,
the discontinuity is found to have a value of 10 log }%g = 1,1 EPNdB. The
airspeed correction, as described in the data analyses section, is primarily
jntended to adjust for variations in the duration correction factor, which is
included in the EPNL computations.

In theory, the noise level from a given source will vary with distance,
because of spreading losses and atmospheric attenuation. Since EPNL is a
combination of factors computed in a complex manner, spreading losses for
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TABLE 14
' SUMMARY OF DATA ACQUISITION FOR NOISE LEVEL DETERMINATION

; - FLIGHT
FLIGHT | RUN TARGET THRusT | M'CROPHONE LOCATION PROFILE
NO. NO. TYPE OF FLYOVER (LB} €A | C6 | €10 | C11 | (FIG.1014)
18 4 | FULL POWER TAKEOFF 13,500 1 o1
B | FULL POWER TAKEOFF 13500 1 E
6 | TAKEOFF/CUTBACK 13,500/9,500 1 F1
i 7 | TAKEOFF/CUTBACK 13,500/9 500 1 F2
i 8 FULL POWER TAKEOFF 13,500 1 E2
16 9 | FULLPOWER TAKEOFF 13,500 1 D1
10 | FULL POWER TAKEOFF 13,500 1 E1
11 | TAKEOFF/CUTBACK 13,500/9,500 1 F1
12 | TAKEOFF/CUTBACK 13,500/9,500 1 F2
13 | FULL POWER TAKEOFF 13,500 1 E2
16 | TAKEOFF/CUTBACK 13,500/9,500 1 F3
17 | TAKEOFF/CUTBACK 13,500/9,500 1 Fa
i8 | TAKEOFE/CUTBACK 13,500/9 500 1 F5
12 | TAKEOFF/CUTBACK 13,500/9,500 1 F6
20 | TAKEOFF/CUTBACK 13,500/9,500 1 G4
21 | TAKEOFF/CUTBACK 13,500/9,500 1 G1
22 | TAKEOFF/CUTBACK 13,500/9 500 1 G2
23 | TAKEOFF/CUTBACK 13,500/9 500 1 G3
19 24 | &, =650 DEG APPROACH 6,900 4 1 6 D1
25 | &_=50 DEG APPROACH 5,800 4 1 6 D2
27 aF = 50 DEG APPROACH 5,500 4 1 6 Ela
23 5F = 50 DEG APPROACH 5,100 4 1 6 E2
29 F = 60 DEG APPROACH 5,300 4 1 ] E3
30 F = 50 DEG APPROACH 5,600 4 1 6 E4
3 F = 50 DEG APPROACH 5,200 4 1 6 ES
» =50 DEG APPROACH 5,600 a 1 ] EB
k] ms DUCED THRUST APPROACH 4,700 4 1 6 03
34 | REDUCED THRUST APPROACH 4,500 4 1 6 D4
35 | REDUCED THRUST APPROACH 4,300 4 1 6 D5
36 | REDUCED THRUST APPROACH 3,500 a 1 ] Dé
37 | REDUCED THRUST APPROACH 3,200 4 1 6 07
oy 38 | REDUCED THRUST APPROACH 2,800 4 1 5 cs
ot 20 39 aF = 50 DEG APPROACH 6,500 6 D1
40 = 60 DEG APPROACH 6,900 2 1 6 D2
1| F =50 DEG APPRDACH 6,100 2 1 6 D3
a2 F = 35 DEG APPROACH 3,200 2 1 6 El
a3 F = 35 DEG APPROACH 4,600 2 6 €2
a4 F = 35 DEG APPROACH 3,800 2 1 6 E3
a5 F = 35 DEG APPROACH 3,800 2 1 6 Eda
47 F = 35 DEG APPROACH 3300 2 P £5
48 F = 35 DEG APPROACH 3800 2 1 6 E6
49 |= = 35 DEG APPROACH 4,000 2 1 6 E7
_ 50 F = 35 DEG APPROACH 4,100 2 1 6 E8
. 51 b = 50 DEG APPROACH 5,400 2 1 6 D4
f 52 | REDUCED THRUST APPROACH 3.100 2 1 ] 08
’;L *LISTED ARE THE NUMBERS OF THE ACTIVE MICROPHONES FOR A GIVEN LOCATION (1LE, FOR RUN 4
v MICROPHONE } WAS ACTIVE AT LOCATION Co
; b INDICATES FLAP SETTING
5
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TABLE 14,
SUMMARY OF DATA ACQUISITION FOR NOISE LEVEL DETERMINATION

{CONTINUED)

FLIGHT | RUN TARGET THRusT | MICROPHONE LOCATION® pFnLc'ﬁTs
NO. NO. TYPE OF FLYOVER (LB) ca| ce | cio] cnn | (FG 1014
21 §3 | FULL POWER TAKEOFF 12,700 A 3 ¢
54 | FULLPOWER TAKEOFF 13,700 1| & 3 Do
85 | FULL POWER TAKEOFF 13,700 1] & 3 D1
56 | TAKEOFF 12,700 1| e 3 b2
67 | TAKEOFF 12,700 1 ] e 3 b3
59 | TAKEOFF 11,700 t | s 3 D4
60 | TAKEOFF 11.700 1 6 3 05
61 | TAKEOFF 10,700 1| s 3 06
62 | TAKEOFF 10,700 1 | 6 a D7
22 65 | FULL POWER TAKEOFF 13,500 ) 6 3 )
67 | FULL POWER TAKEOFF 13,500 T E2
69 | FULL POWER TAKEOFF 13500 N 3 Ela
70 | TAKEOFF 8,500 T 3 €3
72 TAKEOFF 8,000 1 6 3 ES
73 | TAKEOFF 9,500 1 Eda
74 | TAKEOFF 8,000 1| e 3 €6
75 | FULL POWER TAKEOFF 13,500 1 Elc
77 | TAKECFF 8,000 11 s 3 Hia
79 | TakeorFF 7.000 v | s 3 H3
82 | TakeorF 7.000 1| e 3 Hab
83 | TAKEOFF 7,000 1 Mac
23 84 | FULL POWER TAKEOFF 13,500 6 3 1
86 | LEVEL FLIGHT 13,500 11 6 3 D1
86 | LEVEL FLIGHT 13.500 1 6 3 02
87 | LEVEL FLIGHT 9,500 1| 8 3 b3
90 | LEVEL FLIGHT 9500 1| e 3 Dab
o1 | LeveL FLiGHT 9,500 1| s 3 D3a
25 95 | 5, =50 DEG APPROACH 5.000 1 Dic
96 | 5_ =50 DEG APPROACH 5,000 1 D2
97 | s, =50 DEG APPROACH 5,400 1 D3
98 | s5_=50DEG APPROACH 5,400 1 D4
100 | =55 DEG APPROACH 39600 21 1] s Ela
101 | =55 DEG APPROACH 2,500 2 | E2
102 | =55 DEG APPROACH 3,100 2 | 1 E3
103 | v-55 DEG APPROACH 2,900 2 | €4
104 | =55 DEG APPROACH 3,100 2 | 9 ES
105 | =55 DEG APPROACH 3,100 2 | 1 £6
106 | v =55 DEG APPROACH 3,200 2 F1
107 | y - 5.5 DEG APPROACH 2,000 2 ) 1] & F3
26 108 | v =55 DEG APPROACH 3,200 z | 1| @ F2
109 | =55 DEG APPROACH 2,000 2| 1] s Fa
110 | y =55 DEG APPROACH 1,500 2 | 6 F5
12 | 4 -550EG APPROACH 2,000 2| 1| s Faa

*LISTED ARE THE NUMBERS OF THE ACTIVE MICRCPHONES FOR A GIVEN LOCATION {t.E,, FOR RUN 53
MICROPHONE 6 WAS ACTIVE AT LOCATION C10)

'SF INDICATES FLAPSETTING
¥ INDICATES GLIDESLOPE
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EPNL are not expected to vary in a simple inverse-square relationship.
However, a mathematical expression containing a constant term for the initial
level at a reference distance, a logarithmic term to account for spreading,
and a term containing the product of distance and an atmospheric-attenuation
coefficient should be capable of describing the variation of EPNL with
distance. Such an expression is shown below:

L=1Lly-alog (X/XO) - b (x-xo)/1000 ,
where L = noise level at distance X, EPNdB

Ly = noise level at reference distance, EPNdB

a = coefficient of spreading term

X = distance, feet
XO = preference distance of 250 feet

b = coefficient of atmospheric attenuation term,
EPNdB/1,000 ft.

A Douglas-developed computer program will determine Lg» @, and b for a
least-squares fit to the curves or for a sampling of points along the curves
found by the previously described procedures. As a result of the computations,
an equation for each EPNL-vs-distance curve for a particular value of Fy/s
was derived. The family of curves so determined was then plotted by the use of
a programmed Automated drafting Machine (ADM), figure 32 shows the plot of
EPNL vs slant range at closest point of approach (CPA),

To develop a plot of A-weighted sound levels, dB(A), the corrected SPL
spectrum at the time of PNLTM, the same as that used in computing the EPNL-vs-
distance curves described above, was used to compute the corresponding d8{A)

levels and the same basic procedures as were described previously for the EPNL
plots, applied.

One important difference in the two procedures is that since there is no
duration correction involved in calculating dB(A), there is alsc no airspeed
normalization adjustment made in the dB(A) curves such as is applied to the
EPNL curves, Thus, in the cross plots of dB(A) vs Fy/5 at selected distances,
there 1s no discontinuity as there is in the EPNL cross plots.

A family of dB(A)-vs-distance curves at a number of F?IG values was then

plotted by use of a programmed ADM. Figure 33 shows the plot of A-weighted
?oun? levels dB(A) as a function of slant range at closest point of approach
CPA}.
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LATERAL NOISE ATTENUATION

.ateral noise attenuation is the difference between the noise level
measured beneath a flyover and the noise level measured at the side of the
flight path at the same distance and engine power. The difference in noise
level is principally due to extra ground attenuation (EGA), fuselage and wing
shielding, and directivity effects. The determination of the contribution of
each of the three factors is complex and beyond the scope of this work. The
combined effects are therefore considered as lateral noise attenuation.

Noise measurements were obtained from several iocations to the side of
the flight paths for various engine power settings and aircraft altitudes.
To calculate lateral noise attenuation, it is necessary to obtain overhead
noise levels at similar distances and engine power settings. Since the EPNL-
vs-distance plots consist of averaged overhead noise levels at selected
referred net thrust levels, that are normalized to typical airplane velocities,
the overhead noise levels obtained from these plots are chosen to compare
with the measured sideline noise levels.

In processing the measured sideline noise levels, the computer adjusted
the noise level to appropraite normalized airspeeds and to reference weather.
Also, adjustments were made to correct for the lateral deviation of the flight
path from the reference flight path. No thrust or other distance adjustments
were made by the computer. Minimum distances to the flight path were used for
slant range, just as in the construction of the EPNL-vs-distance curves.

Tone corrections attributed to pseudotones, that is, those with tone correct-
jon frequencies of 630 Hz and below were removed.

The referred net thrust and the minimum distance to the flight path
associated with each of the sideline noise measurements are entered into the
overhead noise-level computer program, together with the Refan EPNL-curve
equations, and the overhead EPNL is then calculated at the same referred net
thrusts and distances as those found for the sideline noise levels. Lateral
noise attenuation is then simply calculated by subtracting the sidelire
measured noise level from the overhead calculated noise level.

Table 15 shows the daca used in calculating lateral noise attenuation.

Figure 34 presents a plot of lateral noise attenuation as a function of
elevation angle.
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TABLE 15
SUMMARY OF DATA ACQUISITION FOR LATERAL NOISE ATTENTUATION STUDY

FLIGHT | RUN TARGET THRUsST | MICROPHONE LOCATION® PFnLcl:i:.TE
No. | NO. TYPE OF FLYOVER (L8) 50 | 516 [ 518 | s19 [s20 [ 3n [ en] (FIG. 1014

16 g | FULL POWER TAKEQFF 13,500 12l 9 [7 |1 |10 D1

( 10 | FULL POWER TAKEOFF 13,500 12l e |71l EY
¢ 11 | TAKEOFF/CUTBACK 13s00/8500 (12 9 | 7 [ 1 [0 F1
12 | TAKEOFF/CUTBACK 135008500 |12| 8 | 7 [ 11 |10 £2

13 | FULL POWER TAKEOFF 13500 1210 [ 7 [ |10 £2
15 | FULL POWER TAKEOFF 13500 12y ol 711l E3

16 | TAKEOFF/CUTBACK 13500/9500 [32{ 9 | 7 {11 | 10 £3

17 | TAKEOFF/CUTBACK 13500/a500 |i2| 9 | 7 |1 |10 F4

18 | TAKEOFF/CUTBARK 13500/9500 (12| 8 | 7 10 F§

19 | TakeorF/cUTBACK 13500/8500 J12{ o | 7 |11 | 10 F6

20 | TAKEOFF/CUTBACK 13500/9500 [12] 9 {7 {11 {10 G4

21 | TAKEOFF/CUTBACK 135009500 [12] a [ 7 | %1 |0 61

22 | TAKEOFF/CUTBAGK 135009500 [12] 8 {7 [ 11 {10 G2

23 | TAKEOFF/CUTBACK 13500/a500 [12] o [ 7 | 11 |0 63

19 24 [ 5_ = 50 DEG APPROACH 6.900 5 N D1

26 |5, = 50 DEG APPROACH 5,800 9 5 10 |1 D2
27 | 5,_ = 60 DEG APPROACH 5,500 9 5 10 Ela

28 | 5_ = 50 DEG APPROACH 5,100 9 5 w0 |11 E2

20 | 5. = 50 DEG APPROACH 5,300 9 5 10 |1 E3

30 | 5, =50 DEG APPROACH 5,600 a 5 R EL €4

31 | 5. =50 DEG APPROACH 5,200 9 5 10 £S5

33 | REDUCED THRUST APPROACH 4,700 9 5 10 %3

34 | REDUCED THRUST APPROACH 4,500 | 9 5 1 |1 D4

35 | REDUCED THRUST AFPROACH 4,300 9 5 10 |1 D5

36 | REDUCED THRUST APPROACH 3,400 9 5 10 D6

37 | REDUCED THRUST APPROACH 4,200 9 5 10 | n D7

) 38 | REDUCED THRUST APPROACH 2,800 9 5 10 ] 11 D8
O 20 2 [ 5, = 50 DEG APPROACH 6,500 3 0 |1 o1
Ot a0 | s_ = 50 DEG APPROACH 6,900 ) 3 10 |11 b2
41 | 5_ = 50 DEG APPROACH 6,100 ) 3 0 |1 D3

a2 | 5_ = 35 DEG APPROACH 3200 9 3 10 E1

43 | 6. = 35 DEG APPROACH 4,600 9 3 10 £2

a4 | 5_ = 35 DEG APPROACH 3,800 9 3 10 |1 €3
46 | &, = 35 DEG APPROACH 3,800 9 3 10 |1 Eda

47 | 5,. = 35 DEG APPROACH 3,800 1 £s

a8 | 6_ = 35 DEG APPROACH 3,800 9 3 10 €6

49 | 5_ = 35 DEG APPROACH 4,000 n £7

50 | 5. - 3% DEG APPROACH 4,300 ) 3 w0 |11 E8

*LISTED ARE THE NUMBERS OF THE ACTIVE MICROPHONES FOR A GIVEN LOCATIOM LLE., FOR RUN 9
MICROPHONE 9 WAS ACTIVE AT LOCATION 516)

EF INDICATES FLAP SETTING
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TABLE 15 (CONTINUED)
SUMMARY OF DATA ACQUISITION FOR LATERAL NOISE ATTENUATION STUDY

s e T W o T YT T R T T e

FLIGHT | RUN TARGET THRUST |___ "W CROPHONE LOCATION® PFRL;g:"LTE
no. | No. TYPE OF FLYOVER (LB) so | s16 [ 518 [ 519 [ s20 | an | ent (F1G. 10-19)

27 53 | FULL POWER TAKEOFF 13,700 g TRECRED c

54 | FULL POWER TAKEOFF 13,700 9 10 | 11 ] 12 DO

, 56 | FULL POWER TAKEOFF 13,700 9 10 | 1112 D1
: , 56 | TAKEOFF 12,700 g 10 | 1] 12 D2
¢ 57 | TAKEOEF 12,700 9 10 ] 1] 12 D3
: 59 | TAKEOFF 11,700 10112 D4
: 60 | TAKEOFF 11,700 9 10 {11 ]2 DS
61 | TAKEOFF 10,700 9 10| 112 D6

62 | TAKEOFF 10,700 9 10 {1112 D7

22 65 | FULL POWER TAKEOFF 13,500 9 10 [ 1 ¢

67 | FULL POWER TAKEOFF 13,500 11| 12 E2

69 | FULL POWER TAKEOFF 13,500 9 10 [ 1112 Ela

70 | TAKEOFF 9,500 9 11|12 E3

72 | TAKEOFF 8,000 9 1| 1|12 E5
73 | TAKEOFF 9,500 9 10 nfn Eda

74 | TAKEOFE 8,000 9 10 12 E6
75 | FULL POWER TAKEOFF 13500 9 10 12 Ete

77 | TAKEOFE 8,00u 9 10 [ 112 H1a

78 | TAKEOFE 8,000 9 10 | 11 HZ2

79 | TAKEOFF 7.000 9 10 | n H3
82 | TAKEOEF 7,000 9 10 12 Hap

23 84 | FULL POWER TAKEOFF 13500 9 10 12 ¢

85 | LEVEL FLIGHT 13,500 9 10 12 D1

86 | LEVEL FLIGHT 13,500 9 0] 11} 12 p2

87 | LEVEL FLIGHT 9 500 9 10 D3
30 | LEVEL FLIGHT 9,500 9 | n| Dab

91 | LEVEL FLIGHT 9,500 9 10 11}12 D3a
25 95 | 4. =50 DEG APPROACH 6,000 ! 1 Dlc

3 96 | 5, =60 DEG APPROACH 6,000 b 10 D2
’ 97 | . =50 DEG APPROACH 5,400 9 10 D3
g 98 { 5 = 50 DEG APPROACH 5,400 9 10 { 11 D4
100 | y = 5.5 DEG APPROACH 3900 9 10 E€1a

101 | y = 5.5 DEG APPRDACH 3,500 10 E2

103 | v =5.5 DEG APPROACH 2,900 9 E4

104 | v = 5.5 DEG APPROACH 3,100 9 ES

105 | ¥ =5.5 DEG APPROAGH 3,00 9 E6

106 | y = 5.5 DEG APPROACH 3200 9 10 | 1 F1

26 108 | v = 5.5 DEG APPROACH 3,200 9 10 F2

109 | v = 5.5 DEG APPROACH 2,000 9 10 Fa

110 | v = 5.5 DEG APPROACH 3,200 9 10 F5

111 | y =5.5 DEG APPROACH 1,500 9 10 F6

112 | v = 5.5 DEG APPROACH 2,000 9 10 Fda

*LISTED ARE THE NUMBERS OF THE ACTIVE MICROPHONES FOR A GIVEN LOCATION ().E., FOR RUN 53
MICROPHONE 9 WAS ACTIVE AT LOCATION 516)

6F INDICATES FLAPSETTING

Y INDICATES GLIDESLOPE
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NOTE: NUMPER BY EACH DATA POINT INDICATES THE FLIGHT
AND THE NUMBER OF FLYOVER TEST RUNS FROM THAT
| FLIGHT INCLUDED IN THAT DATA SET (i.e., 16-11 INDICATES
11 RUNS IN FLIGHT 16)
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FIGURE 34. VARIATION OF LATERAL NOISE ATTENUATION WITH ELEVATION ANGLE, §
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NOISE CONTOURS

Contours of equal effective perceived nofse tevel (EPNdB)} for single
takeoff and approach operations of both a JT8D-9 hardwall nacelle and JT8D-109
Refan engined DC-9 were developed. The contour lines are generated by a method
that determines points on the ground surface that are equidistant from the air-
craft flight path. The sound path distance is adjusted by a procedure discussed
in reference 6 that includes empirically derived corrections for ground-to-
ground noise attenvation and aircraft noise shielding. Also included are the
effects of the time-duration increase during ground roll and the increased
inlet and jet noise at tow forward velocities (reference 6). The contours
:reigﬁnerated for reference-day conditions, i.e., 25°C (77°F), 70 percent

umidity.

The plotting of the noise-exposure area contours is accomplished by a
Doug!as-developed computer/plotter technique. The information necessary to
generate the noise contours consists of data for noise-level variation with
distance and the associated aerodynamic performance in the form of an aircraft
flight path., The noise-level variation with distance may be expressed mathe-
matically for each defined engine power setting. That information was obtained
for the generation of the EPNL-vs-distance curves.

The aerodynamic parameters used are distance from brake release, geometric
altitude, engine thrust (Fy/s5), and true airspeed. Both the hardwall and
Refan DC-9 flight paths were constructed using a 0,349 rad (20 degree) pitch
Timit.

The flight paths for this study (figure 35} are:
(1} full-thrust takeoff and 0.052 rad {3 degrees) glideslope approach,

(2) Full-thrust takeoff and two-segment 0.105/0,052 rad (6/3 degrees)
glideslope approach,

(3) takeoff with cutback and a 0.052 (3 degrees) glideslope approach,

(4) takeoff with cutback and a two-segment 0.105/0.052 rad (6/3 degrees)
glideslope approach,

For maximum weight takeoff with cutback operation, the FAR Part 36 pro-
cedures were used with @ 0° flap setting and & percent aircraft overspeed.
For the typical mission takeoff with cutback operation, the procedure
proposed by the Aircraft Transport Association (ATA) was applied. That
procedure consists of a 1iftoff at Vo + 10 at 0° flap setting and 6 percent
overspeed; a climb to 492 m (1500 ft%; a cutback with thrust set at 5 m/s
{1000 F/M), maintaining Vo + 10 and retaining takeoff flap setting; continued
climb at 984 m {3000 ft) with maximum climb power set and accelerating to
128.6 m/s (250 kt); and finally proceeding on a normal enroute climb.

The representative 90 and 95 EPNdB noise contours shown in figures 36
through 39, compare the DC-9, Series 30, equipped with JT8D-9 enaines and
hardwall nacelles with the DC-9 Refan for two aircraft takeoff and landing
gross weights and four different flight paths. The first case is for the
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FAR Part 36 operational requirements of maximum takeoff and landing gross
weights, 48,988 kg (108,000 1b} and 44,906 kg (99,000 1b), respectively.

The second case is for a typical mission comprising an intermediate stop
between two 375-nautical-mile stage lengths where the airplane is not fueled
at the intermediate stop. The landing gross weight, at the intermediate stop,
for the Refan airplane is 40,550 kg (89,400 1b) and the takeoff gross weight
is 40,425 kg (89,210 1b). For the typical mission hardwall airplane, the
landing gross weight is 39,464 kg {87,000 1b) and the takeoff gross weight
39,332 kg (86,710 1b}. The larger weights for the Refan airplane reflect the

different operating empty weights and trip fuel required for the two airplanes.

The contours generated using the FAR Part 36 operational requirements
(maximum gross weights) represent the maximum noise exposure levels that would
occur around an airport, The typical mission contours, however, are more
representative of the landing and takeoff noise levels that might occur during
d1ily airline operations at the intermediate stop between two 375-nautical-
mile stage lengths,

The contour areas are summarized in table 16 for both the maximum gross
weight and the typical mission operations, The Refan engine on the DC-9
reduces the 90 EPNdB contour area, for takeoff with and without cutback, by
40 percent for the maximum-gross-weight airplane and 19 percent for takeoff
with cutback ar4 38 percent for takeoff without cutback for the typical
mission airplane. The 95 EPNdB contour area is reduced about 50 percent for
takeoff withcut cutback for both the maximum-gross-weight and the typical
mission airplanes. For takeoff with cutback, the 95 EPHdB contour area 1s
reduced by 30 percent for both the maximum-gross-wei.nt and typical mission
airplanes. The two segment approach provides very little reduction in contour
area for either the 90 or the 95 EPNdB contours.
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TABLE 16
CONTOUR AREA SUMMARY

AREA, SQUARE MILES {sg km)

M AXIMUM GROSS WEIGHT CONFIGURATION 0C-8 PRODUCTION DC-8 REFAN
FLIGHT CONDITION 90 EPNdB 95 EPNdB 80 EPNdB 95 EPNdB
TAKEOQOFF — 3.-DEGREE APPROACH 16.3 {39.6) 69 (179} 9.3 (24.1) 3.4 (8.8}
TAKEQFF/CUTBACK — 3-DEGREE APPROACH 8.6 122.3} 421109, 5.0 (13.0} 2.817.3)
TAKEQFF — 2SEGMENT APPROACH 16.0 (38.9} 6.8 {17.6} 9.2 (23.8) 3.4 (8.8)
TAKEOFF/CUTBACK — 2-SEGMENT APPROACH 8.3 (21.5) 4.2{10.9) 49 (12.7; 2,8(7.3) _
AREA, SQUARE MILES {sq km)
TYPICAL MISSION CONFIGURATION DC-9 PRODUCTION DC-9 REFAN
FLIGHT CONDITION 90 EPNdB 95 EPNd8 90 EPNJB 95 EPNdB
TAKEQOFF —~ 3-DEGREE APPROACH 11.2(29.0) 52113.8) 7.4 {19.2) 2.7{7.0}
TAKEOFF/CUTBACK — 3-DEGREE APPROACH 4.7 {12.2) 30 (7.8} | 38 (98) 2.1(64)
TAKEOFF — 2SEGMENT APPROACH 11.0 (28.5) 5.2 (135) 73189 2.7(7.00
TAKEQOFF/CUTBACK — 2-SEGMENT APPROACH 4.61{(11.9) 3.0 (7.8) 36 19.3) 2.1 {54}

O
0
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GROUND EFFECTS

A1l aircraft noise measurements are significantly affected by the presence
of reflecting surfaces near the microphones. Even in the absence of man-made
reflecting surfaces such as near-by buildings, flyover-noise measurements are
affected by reflections from the ground. The test microphones therefore never
sense free-field sound but always receive a sound wave resulting from super-
position of a direct sound wave from the airplane and a reflected sound wave
from the ground. The combined signal is either stronger or weaker than the
direct (free-field) signal, depending upon the relative strengths and phase
differences between the direct and the reflected waves. The strengths and
phase difference depend on the physical characteristics of the reflectina
ground, the altitudes of aircraft and microphone, the angular position of the
airplane with respect to the microphone, and the frequency of the sound.

Fiyover-noise measurements are ordinarily made with microphones at
a height of 1.2 m ( 4 feet) above the ground, For typical flyover-
noise test conditions, ground reflections cause large peaks and valleys in the
measured sound spectra below a frequency of roughly 1000 Hz., The peaks and
valleys may be eliminated by mounting the microphones at the level of the
ground plane over a nearly perfect reflecting surface. For all frequencies,
the signal received by the microphone is then 6 dB higher than the free-field
value at least in theory. A second method of eliminating large peaks and
valleys in the spectra is to locate the microphones at some distance above the
ground plane. If a microphone is many wavelengths above the ground, anv large
peaks and valleys in the spectra caused by ground reflections will be shifted
to very low frequencies. However, unless the microphone height is comparable
to the height of the airplane (an unrealistic condition), the microphone will
still not measure free-field sound but will measure a signal about 3 dB higher
than the free-field signal for all frequencies.

For the DC-9 Refan tests both “flush-mounted" microphones and micro-
phones pole-mounted at a height of 10 m (33 feet) were used in order to
minimize ground-reflection effects and to supplement the measurements of the
numerous microphones at a height of 1.2m (4 feet). For some of the flights,
at the measurement location all three microphones were used. In order to
interpret the measured results for the three different microphones, a typical
flyover (flight 20, run 39) was studied in some detail. A 1.2m (4 ft) micro-
phone (Mic 6), two 10m (33 ft) microphones (Mic 4P and Mic 5P), and a flush-
mounted microphone (Mic 7F) were located within about 60m (200 feet) of each
other. Standard ground-reflection theory (e.q., reference 7) was used to make
calculations of the expected changes in sound sr=:ctra, relative to the free-field
spectra, for each microphone., A perfect reflecting ground surface was assumed.
The results are functions of the microphone height, the distance of the air-
plane from the microphone, and the angular position of the airplane with res-
pect to the microphone {figqure 40). The computer spectral changes due to
ground reflection are shown in figure 41. The aircraft location relative to
each of the microphones is approximately that corresponding to maximum per-
ceived noise level. It can be seen from the figure that large excursions in
SPL are expected to occur for the 1.2m (4 ft) microphone because of ground
reflections, whereas much smaller excursions in SPL are expected for the 10m
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(33 ft) microphones. Furthermore, for frequencies above about 1000 Hz, both
the 1.2 m (4 ft) microphone and the 10 m (33 ft) microphones should indicate
SPLs about 3 dB above the free-field value. The calculations for the "“flush
mounted" microphone were actually done for a microphone height of 0.6 cm
(0.02 ft). That height was used because the flush-mounted microphones were
actually microphones of 1.25 cm (0.5 in} diameter taped on their sides in the
center of & »>lywood board, Thus, the center of the microphone diaphregm was
about 0.6 cu (0.02 ft) above the surface of the board. It can be soe~ from
figure 41 that even such small height has an effect on the measured . ’L at
high frequencies,

The curves in figure 41 can be used to calculate the differences in
SPL's measured with the flush microphone, the 1.2 m (4 ft) microphones, and
the 10 m {33 ft) microphones. Furthermore, if the measured spectrum from
the flush microphone is used, the spactrz from 1.2 m (4 ft} microphone and
10 m (33 ft) microphones can be calculated. The rezv1ts of such calculations,
together with the measured spectra, are shown in figures 42 and 43 . It can
be seen that the calculated spectra and the measured spectra agree fairly well
for both the 1.2 m (4 ft) microphone and one of the 10 m (33 ft) microphones
(Mic 5 P}, However, the measured and the calculated spectra for the other
10 m {33 ft) microphone (Mic 4P) do not agree well., Furthermore, the
measured spectrum from microphone 4P does not coincide with the measured
spectrum from microphone 6 (see figure 43) at high frequencies, although it
would be expected to do so.

Calculations were also made to compute the spectrum for a 1.2 m (4 ft)
microphone oriented in such a way that the airplane was flying toward the
microphone at a shallow angle, 8 , with respect to the microphone {about 25°).
A comparison of m:asured and calculated spectra (figure 44) shows that for
that shallow-angle case the agreement between the calculated and measured
spectra is poor. The poor agreement may be due to the fact that the assumption
of a perfectly reflecting surface is not valid as 3 becomes small. It
should be noted, however, that the measured spectrum from microphone 5P is
consistent with the spectrum from microphone 6 in that the two spectra coincide
at high frequencies, as they should,

Comparisons of 1.2 m (4 ft) microphone and 10 m (33 ft) microphone spectra
were also made for a takeoff flyover (flight 16, Run 9), Fiaure 45 shows the
measured spectra obtained from one 1,2 m (4 ft) microphone {Mic 1) and two 10 m
(33 ft) microphones (Mic 2P and Mic 3P). Again, one of ihe spectra measured
with a 10 m (33 ft) microphone (Mic 3P} agrees well with the spectrum measured
with the 1.2 (4 ft) microphone in the high-frequency range and the other
spectrum, measured with Mic 3P, does not agree well,

Since the peaks and valleys discussed above are not associated with the
noise source, they are classified as psaudotones. The Douglas flyover-noise
analysis computer program provides as an output the designated tone corrections,
by freouency and amplitude, that were determined by the procedures
specified in Appendix B of FAR Part 36. The tone corrections that are identi-
fied as pseudotones should not be applied to the PNL values to obtain PNLT,

Reference Appendix D, table D-4 is a summary of those tone corrections
that were considered as pseudotones in the determination of the FAR Part 36
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noise levels. The tone corrections associated with the airport cormunity
noise data are included in the computational 1istings of table D-1. Pseudo-
tone corrections were removed from the reference EPHL values listed.

The sound spectra from microphones measuring flyover-noise are subject
to ground-reflection effects. For the typical flyover-noise measurement
height of 1.2 m (4 ft), ground-reflections caused large peaks and valleys in
the sound spectra below a frequency of 1000 Hz. Mounting the microphone
flush with the ground plane eliminated the peaks and valleys, however, the
signal received by the microphone was 6 dB higher than the free-field value
for that location. In order to minimize ground-reflection effects several
microphones were pole-mounted at a height of 10 m (33 ft).

Sound spectra from the 1,2 m (4 ft) and the 10 m (33 ft) showed good
agreement with theory and when compared. The large peaks and valleys were
eliminated from the 10 m (33 ft) measured spectra, but not completely.
Ground-reflection effects were still present in the low (<80 Hz) frequencies.
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ATMOSPHERIC TURBULENCE EFFECTS

The attenuation in excess of spherical spreading losses and classical
and molecular absorption of a sound wave propagating from an elevated source
to the ground has been attributed mainly to the effects of turbulence in the
atmosphere. The theory of sound attenuation in the free atmosphere was
studied by DeLoach (reference 8), who paid particular attention to the effects
of atmospheric turbulence on the transmission of sound. His findings were:
(1) Although there are other mechanisms, the scattering of sound by turbulent
density and momentum fluctuations is a major cause of the excess attenuation
for the case of air-to-ground propagation. (2) Failure to correct for the
excess attenuation contributes substantially to the relatively large standard
deviation that usually characterizes outdoor sound propagation measurements.
(3) The frequency dependence of the excess attenuation lies between a square-
law dependence and a cube-root dependence. For a homogeneous isotropic
medium, the excess attenuation depends on the square of the frequency, but
for a medium with more irregular outer scale the frequency dependence is much
weaker. In such a medium the frequency (f) dependence is very nearly f1/3
when the outer scale is large compared with half an acoustic wave length.
(4) The reported non-linear altitude dependence of the excess attenuation is
attributed to the decrease in atmospheric turbulence intensity with increasing
altitude.

Normally, only mean values of meteorological parameters are recorded for
outdoor acoustical measurements. But recently MacCready et al (reference 9)
have advanced the concept of the universal turbulence measurement toward
operational status. A simple system called Universal Indicated Turbulence
System (UITS) gives an output reading R, which is a quantitative measure of
turbulence intensity that is unaffected by the characteristics or speed of
the aircraft on which it is mounted. To accomplish a selective measurement,
the UITS utilizes a high-frequenzy dynamic sensor.

During the DC-9 Refan fiyover-noise tests, the turbulence in the atmos-
phere was measured by using the UITS. Such measurements provided data from
which to investigate the effect on sound propagation of excess attenuation
due to atmospheric turbulenve.

Actual measurements of the amospheric turbulence are classified according to
the value of R, which is defined to be

R p?/j.};)lﬁ . 1/ Ysec (1)

where

1

TR 2
dissipation rate =~ l’(-g-i—) . mzlsec3

density of the air, kg/m3

o © °
]

sea-level density of air, kg/m3

kinematic viscosity, mzlsec

i1}

cow
1]

fluctuating component of the wind velocity
in the direction of prapagation, m/sec
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The d1ssipat1on rate, € , is therefore related to the epsilonmeter va]ue
of , R. Also (du /ax)2 is the mean square of the rate of local change of u ,

and such changes are assumed to be brought about by the smallest eddies that
are present in the turbulent flow field. Hence, the dissipation rate provides
in effect a measure of the size of the smaller eddies, defined to be the micro-
scale of turbulence, )~ 3 or A~a is a measure of the dimension of eddies that
at the same 1ntensity produce the same dissipation as the turbulence considered.
Another important characteristic of the structure of turbulence is the longest
correlation distance between the velocities at two points of the fliow field,

a length designated L. It is reasonable to expect that the degree of correla-
tion decreases with increasing distance and, that beyond a certain distance,
the correlation will be practically zero. Therefore, if Agq is considerad to
be an inner scale (size of the smaller eddies), then L may ge referred to as
the outer scale {size of the large eddies) of the turbulent flow field.
DeLoach's basic assumption was that the scale of turbulence is quite large
compared to the half-wave length of the incident sound wave, That means that
in order for his results to be applicable to this study the integral scale, or
outer scale of turbulence, L, is the dimension of interest. The steps that
relate the dissipation rate to the outer scale of turbulence are given below.

Twe Reynolds Numbers, based on the two lengths A g and L, can be defined
for a turbulent flow field. They are

| }\ ]
= U - ul
Rey = _V.Q and R, = - (2)

The dissipation rate € can be expressed, according to reference 10 as

€ =15py 2/7\92, (mzisec3) (3)

t3

or €= A Y=, (n/sec’) (4)

[

A

where A is a dimensionless constant of the order of unity. Also according to
reference 19,

_ A _u'L {5)
ReL I I3 Rf; N anz R"L - v
Therefore,
1/3
v A
= = A __ _ (pr (6)
. i Re /3 173 ( el)

and, from Equations (1) and (4),
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v Ry | 34 f1/8 (7)
L= (2t )

Since A is of order unity and most of the test data are taken at an altitude
less than 800m (2440 ft), O > P and thus

3/4

R
L = (l) el ) , (meters) (8)

R

with R the reading obtained from the epsilonmeter of the UITS. Thus, to
obtain the outer scale of turbulence L from the measured value of R, the
Reynolds number of the turbulent flew field in the atmosphere must be known.
The free atmospheric Reynolds nuEbers are large. For calculation purpcses a
typical value of R, = 3.85 x 10” (reference 11) will be used. Therefore,
with the known kinematic viscosity of the atmosphere, the outer scale of
turbulence L can be obtained from the measured values of R.

The excess attenuation due to turbulence, Q., is given in reference 8 as

ty ° ¢ 2\ /3
0.455 — + .136 -7
a - ¢ T (nepers/304.8m ) {9)
s 5/3 *{nepers/1000 ft
T .
(‘E'L—- + Sin -e—§>
The structure constants Cs and C$ are given in reference 7. They are
4/3
¢ =b% 2y (k3,2 (10)
4 * 2
sec
and
2 473, 2 0 2
T r2/3 m1/3
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where CT temperature-structure constant, "(:/rn”3

[yp]
I’

v wind-structure constant, m2/3/sec

¢ = speed of sound, m/sec

k = acoustic wave number, 1/m

K = von Karman constant

| T = temperature, °C

6L = difference between true scattering angle and the
Bragg scattering angle (ranging from 0.4 to 0.6)

up = friction velocity, typically 0.4 m/sec (reference 8)

T, = temperature constant, ranging from 0.1°C in winter

to 0.5°C in summer.

Also from reference 8 are the numerical values for the constants K,
the von Karman constant = 0.4, and the empirical constants a and b whose
numerical values are 2.40 and 1.40, respectively,

The accumulated excess attenuation (Ag) over the path traveled by the
sound waves is obtained by integrating equation ( 9) over the propagation

path.
hy
Ag =f afr) dr (12)
o hy
0t

2 2

Uy T 1/3 1/3 1/3
21. 4(?- +00693-—-T-2->k (h2 - M )

Note that in the above equation an average value of L 1is used for altitudes
between h] and h2
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Reference 9 classified turbulence in the atmosphere as negligible, Tight,
moderate, heavy, or extreme according to epsilonmeter (R) readings, Two
typical cases, with turbulence classified as 1ight in one case (0.2< R<0.8)
and moderate (1.2<R<4,0) in the other were chosen for analysis (figures 46
and 47 and table 17), Both cases have approximately the same qradient of wind
speed with altitude.

From Equation (7), L varies from 41.75m to 119 m (137 ft to 390 ft)
for Case 1 and from 19 m to 31 m (62 ft to 100 ft) for Case 2. It is found
from Equation (9) that the excess attenuation rate Qg varies directly with

L up to a 1imiting valuz of L. If the turbulence scale L or the size of
eddy is quite large compared to the incident wave length, then the scattering
of the incident wave has no meaning or validity, which can be seen from
Equation (9), where the upper 1imit of validity of L is given by

or
y o= /K
Sin 6‘:
—2

Figure 48 shows the variations of cumulative excess attenuation A, decibels
as a function of freguency, for both the light dissipation and moderate
dissipation. The dashed curves refer to the case where the epsilonmeter
reading R was first related to L, which was then used in Equation (10),
according to Deloach, to calculate Ag. The same figure shows the results
calculated by DeLoach for two values of L and two altitudes. For the light-
turbulence case (larger L) the attenuation is greater than for the moderate-
turbulence case (smaller L}. To illustrate, at 2500 Hz the case for larger L
predicts &n excess attenuation, Ag, of nearly 8 dB as compared to 1.45 dB for
the case with the smaller turbulence scale L.

The value of R 1is a measure of the dissipation rate € in the turbulent
flow field. It is also stated by Hinze (reference 10) that the proper scale
of turbulence associated with the dissipatior rate should be the microscale
or dissipation scaie, A g, Furthermore, the scale Ag is approximately of the
same order of magnitude as the incident wave length of the sound wave. But,
it cannot be used directly in conjunction with the theoretical analysis of
Deloach, since by assumption his results are good for a much largzr scale of
turbulence than che acoustic half-wavelength,

97

:FE'.. e e



s p—

86

HEIGHT ABOVE GROUND (100 m)

(),

=

F ¢

.
LI

HEIGHT ABOVE GROUND {100 ft} _

— . BRI ¢ it AU TR A S M e gt e

B

ARPLANE MODEL _DC=9-31  geg. no,  N54638

DATA SOURCE

TEST SITE

METEOROLOGY RESEARCH INC.

YUMA, ARIZONA

MEASUREMENT TiMES ( PST).  7EMP/RH __1528

Ll R O S e e s S BT S S ey W A
—1 3 Pt s Pl e ¥ RN
24 1 +t —t—ts
0 T O RSO N R R
: N TR A S
ar ~t 58 R R e

-
- ]

oaTe_ FEBRUARY 3, 1975

- P i Rl ST RS
- - -
.

winp__1530

gy
H

RELATIVE HUMIDITY, %

DRY-BULB TEMP, °F (°C)

TURBULENCE, R

Wind direction is heading from
which wind is blowing referenced

to

magnetic North,

. .
[ PRp— H

b
N PN SN S S
. :

.

A
t
}

-

U
T

'
+-
d L 2

R i
.

T
t

SRR S
m . H H
il

N

|
1

dee e 3

t

RN RS L E S
i
1

—— e kb

i - .
b

8;..;...._5

- : :
St 1

WIND SPEED, KN

360 30 W0 240 200
WIND DIRECTION, DEG
AD1719  ©180-360

FIGURE 46. SOUND PATH WEATHER DURING FLYOVER NOISE TESTS — MODERATE TURBULENCE R

e it eah e imearn i a



66

HE{CHT ABOVE GROUND (100 m}

AIRPLANE MODEL _ DC-9-31

DATA SOURCE
MEASUREMENT TIMES ( PST ):

TR

B

L3 [4] 2]
\J T 1

HEIGHT ABOVE GROUND, 100 ft

[A]
T

10
0

REG. NO. _N54638

METEOROLOGY RESEARCH INC.

Temp/RH __1022

26—

™

._l._- SR P

TEST SITE.YUMA, ARIZONA

pDATE _JANUARY 29, 1975
WIND 1035

Wind direction is heading from
which wind is blowing referenced

to mignetic North.

T..l..

.é_:_-%..-.'..__'_ !.*....T.
i

20 o
neti s S S BEESR RIS | el o ¢
Pry R & S S H— =
ST B 51N CRCIN S R CORRN FEN
S i r4- T i |
! L
1

T

16

16

-

1l

-

14

12

8 R A

3, ]_. S "

17

S

10

I
i

i

e S S

151 - @) ts)
IR TR N

B T
.

i o4

!
!
.h_’._l_

RO S B

30 40 50 60

DRY-BULB TEMP, °F {°C)

FIGURE 47.

20 30 40 50 60 70
RELATIVE HUMIDITY. %

W T U

2 4 6 0 10
TURBULENCE, R

WIND SPEED, KN

P T T T S NP o g S PIr

40 80 120 160
360 320 280 240 2w

WIND DIRECTION, DEG
A 0179 180359

SOUND PATH WEATHER DURING FLYOVER NOISE TESTS — LIGHT TURBULENCE R




4]

100

AT

TABLE 17
SUMMARY OF DISSIPATION R LEVELS
8. = 05 DEG
CASE NO. 1: LIGHT DISSIPATION CASE NO.2: MODERATE DISSIPATION
ALTITUDE R L TEMP ALTITUDE R L TEMP
FEET | MeTers | em*/3/sec | meTers | °F | % FEET | MeETERs | cm®35ec | meTeRrs | °F | °c
2600 793 08 4175 410{55 2600 793 20 20.90 475| 95
2000 610 04 69.26 43065 2300 703 43 12 45 48.0 {100
1360 41s 0.2 119.00 550 | 7.0 1700 520 16 24,85 520115
700 214 0.4 69.25 465 |90 1300 397 1.2 31.25 535|125
700 214 22 19.30 §6.0 | 14.0
300 915 2.2 19.30 570|145
0 o ) = 575 | 14.7
FREQUENCY — Hz FREQUENCY - Hz
760 1000 | 1500 | 2500 750 1000 | 1500 | 2500
A 112 2.32 4.40 B.56 A, 0167 | 0290 | 0604 | 1.448
15
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NOISE SOURCE LEVELS AND ENGINE/NACELLE ACOUSTICAL CHARACTERISTICS

This section of the report describes the noise source levels, static-to-
flight predictions and engine/nacelle acoustical characteristics of the DC-9/
JT8D-109 Refan aircraft. A description is provided of the noise source
separation and prediction procedures used to identify, isolate, and predict
jet, core, fan inlet, fan exhaust and turbine noise levels, spectra and
directivity from ground static and flyover noise data. The flyover noise
data were from approach and takeoff without cutback tests. The approach
tests used a 0.052 rad (3 degree) glide slope and 0.873 rad (50 degqree) flap
setting, and had a minimum slant range distance of 237 m (776 feet). The full

- thrust takeoff tests had a minimum slant range distance of 313 m (1026 ft).
The data from these tests used 10 m (33 foot) high pole microphones and
flush mounted ground microphones to minimize ground reflection problems.
Evaluation of inlet and tailpipe treatment effectiveness, flight effects on
jet and core nofse, and engine installation effects on turbomachinery noise
are also included,
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Noise Source Separation Procedures

Jet and core noise - static data. - Since core engine noise (core noise)

has been described under different terminology reflecting different opinions
about the nature of one or more source mechanisms of core noise, it was
necessary to first establish a definition for core noise as it applied to

the analysis presented here. Core noise will be used in this report to
den?tz the total contribution of all the internal (core engine) noise sources
including:

{1} unsteady pressures accompanying combustion in the components of
the burner section of an engine

(2) velocity and temperature fluctuations generated within the burner
components and interacting with rotors and stators of the turbine
stages

(3} noise generated at the exhaust struts down stream of the last turbi
stage due to the turbulence and/or swirl in the exhaust flow

) noise aenerated at the nozzle 1ip due to the fiuctuatina forces
imnosed on the medium surroundina the nozzle.

High frequency turbine noise related to turbine blade passage is not
included in the definition of core noise but rather as a separate turbo-
machinery noise component. Low frequency (50 to 1000 Hz) core noise is the
difference between the total noise level and the assumed level of the pure
jet noise produced by the jet exhaust external to the engine (see figure 49).
The high freauency (1250 to 10 000 Hz)} portion of the core noise spectra
was determined using an assumed “roll-off" rate based on inspection of
measured data at each far-field angle. Roll-off rates were found to vary
from 4 to 6 dB per octave depending on inlet angle.

Core noise engine correlating parameters: Core noise levels have been
correlated with various engine operating parameters by various investiocators.
References 12 and 13 showed measured core noise overall sound pressure levels
(OASPLs) to increase with primary jet velocity. References 14, 15 and 16
correlated core noise OASPLs with the following engine internal parameters:

(1) turtine pressure ratio

(2) compressor overall pressure ratio

(3) turbine inlet temperature

(4) temperature rise across the combustor

Since all four of these core noise engine correlatina parameters are
directly nroportional to primary jet velocity (fiaure 50), primary jet

velocity was selected for use in correlating core noise OASPLs for the
study presented here,
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Jet noise spectra and levels: Initially, a proposed SAE A-21 jet-noise-
prediction procedure (unpublished document prepared by the Jet Noise Sub-
committee of the SAE A-21 Committee, October 1973) was considered for use in
predicting static jet noise. However, the levels and spectra of the jet noise
estimated by the proposed SAE procedure differed significantly from measured
data from the JT80-9 and two JT8D-109 engines at high power settings, where

jet noise dominated. A new jet-noise-prediction procedure described below

was therefore developed based on ground-static data. Figures 51 and 52 present
OASPL/jet-velocity correlations and normalized measured spectra of jet plus
core noise at 45.7 m (150 foot) radius and 2.1 rad (120 degrees) for the base-
line and Refan engines, The spectral plots in figure 52 were nomalized in
terms of 1/3-octave band sound pressure levels {SPLs) relative to OASPLs, and
Strouhal numbers that were modified by the temperature factor [(Tj/To)-Zé] as
suggested in the proposed SAE procedure. The OASPL/jet-velocity correlation

at 2.1 rad (120 degrees) showed jet plus core noise 0ASPLs followed a V6.7
power law for primary jet velocities greater than 305 m/sec (1000 ft/sec). For
velocities greater than 305 m/sec (1000 fps), the normalized spectra for all
three engines collapsed, indicating low frequency noise levels and spectra were
controllied by jet noise, Jet noise levels at low jet velocities were establish-
ed by extrapolating the V6.7 correlation to lower jet velocities (figure 51).
Subsequent analysis using a spectral method described later bproduced similar
results for jet velocities Jess than 305 m/sec {1000 ft/sec). The resulting
nomalized jet noise spectra at 2.1 rad {120 degrees) from the inlet were
nearly the same for the baseline and Refan engines, as anticipated (fiqure 53).
Spectra at- other angles were also nearly the same for both engines,

Correlations for static free-field jet-noise OASPLs for the JT8D-Y and
JT8D-109 engines are presented n table 18, for inlet angles of 0.87 rad
(50 degrees) to 2.62 rad {150 iuegrees). Figure 54 shows the "average" normal-
jzed static jet noise spectra as a function of far-field engine inlet angle
for the JT8D-109 Refan engine.

Core noise spectra and levels: Since jet plus core OASPLs deviated from v6.7
for jet velocities below 305 m/sec (1000 ft/sec), figure 51, and since the
normalized jet plus core spectra indicated a progressive "shifting” from the
jet noise spectrum for decreasing jet velocities for velocities below 305 m/sec
(1000 ft/sec), it was hypothesized that the amounts of "shift" of the jet plus
core spectra were determined by the relative levels of the jet and core noise
(figure 55), At high power settings measured spectra were controlled by jet
noise, at mid power settings spectra were controlled by jet and core noise,
and at low power settings spectra were controlled by core noise. Replotting
the jet plus core normalized spectra using very low engine power data from
Refan engines 1 and 2 presented in figures 52b and 52c¢ with the abscissa in
the form of a different nondimensional parameter (fDp/cy) provided good correl-
ation of the data, figure 56, The nondimensional parameter po/co (where {(f)
is the 1/3-octave band center frequency, (Dp) is the diameter of the primary
nozzle, and (cg) is the speed of sound in ambient air) used for correlating
core noise spectra was suggested in SAE A-21 jet-noise prediction procedure.
Initially, the core noise spectrum was assumed to peak in the 400 Hz 1/3-octave
frequency band (dashed line in figure 56). Later analysis of flyover noise
data produced a core noise spectrum similar to that obtained from the ground
data, but with a peak frequency higher than 400 Hz. The spectrum obtained
from the flyover noise data is recommended for future static-to-flight core
noise prediction (solid line on figure 56), The “first-generation" core noise
spectra shapes obtained from the ground static data and used in the current

analysis are presented in figure 57.
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TABLE 18 - JET NOISE OASPL CORRELATIONS BASED ON STATIC NOISE DATA
FOR JT8D-9 AND JT8D-109 ENGINES*

: OASPLje =M x 10 Lag]0 Vjp + 10 i.og]0 Ap + Constant

t

I BB RN R s s Ft

INLET ANGLES
Degrees 50 60 70 80 90 100 110 120 130
(Radians) (0.87}](1.05) |(1.22)1 (1.40) |(1.57) ) (1.75)} (1.92)] (2.09}| (2.27)

140
(2.44)

150
(2.62)

M 5.65] 5.75] 5.85f 5.95] 6.00] 6.30 6.25 6.67 7.40

7.60

7.73

CONSTANT -B0.8 [-83.6 [-86.0 [-88.6 [-88.6 {-96.5 [-92.2 |-103.7] -123.4

-127.7

-131.3

* Single Engine, 150 Foot (45.7 Meter) Radius and Free-Field
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TABLE 19 - CORE NOISE QASPL CORRELATIONS BASED ON STATIC
NOISE DATA FOR THE JT8D-109 ENGINE*

OASPLCore =i x (10 Log10 ij) + 10 Log10 Ap + Constant

INLET ANGLES

Degrees 50 60 70 80 490 100 110 120 130 140 150
(Radians) (0.87) }(1.05) }{1.22) kl.40) (1.57) |{1.75) ] (1.92) ] (2.09) }{2.27) {(2.44) (2.62)
N 1.92} 1.95] 2.,00| 2.00| 2.30 | 2.70 3.20 2.75 2.75 2.70 2.75
CONSTANT 27.1 | 25.3 | 23.5 | 24.0 | 16.4 7.7 -4.8 9.0 9.3 9.0 4.5
* Single Engine, 150 Foot (45.7 Meter) Radius and Free-Field
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Estimated core noise OASPLS 1. low power settings were calculated
using two methods:

(1) subtracting the predicted jet noise OASPLs from the measured data

(2) using a spectral method (see figure 58)

In the spectral method, the relative jet and core noise peak SPLs were
obtained by "adjusting" the levels of jet and core noise SPL spectra calculated
from figures 54 and 57a respectively, so that the sum of the contributions
from the two sources approximately equaled the measured levels. The jet and
core noise OASPLs were then calculated from Equations 13 and 14

OASPL 10 L 10 (13)
3 og

Core 10 [ 1+ 1OAHOI

OASPLJet = OASPLCore + A (14)

where A is the measured OASPL of the total noise and Ais the difference
between thr iet and core noise peak 1/3-octave band levels, see figure 58,

Calculated values of core noise OASPLs at primary jet velocities below
305 m/sec (1000 ft/sec) using the two different methods agreed to within 1 dB,
as anticipated. The resulting correlations were extrapolated to jet velocities
higher than 305 m/sec (1000 ft/sec).

Correlations for static free-field core-noise OASPLs for the two JT&D-109
engines are presented in table 19, for inlet angles of 0.87 rad (50 degrees)
to 2.62 rad (150 degrees), Based on limited data at low-power settings, core
noise OASPL for the JT8D-9 engine was found to be 3 dB lower than the levels
for the JT8D-109 engines at comparable primary jet velocities and inlet anales.

Jet and core noise - flight data, - The methodology used to identify, isolate,
and predict Jet and core noise Jevels, spectra, and directivity for the DC-9
Refan/JT8D-109 based on flyover noise data was essentially identical to that
developed and used for the static noise source analyses described above.

Jet noise spectra and levels: A typical measured flyover overall jet plus
core noise normalized spectra at 2.1 rad (120 degrees) from the inlet is
presented in figure 59a as a function of engine power setting. Figure 59b
shows the same data replotted with the termm in the abscissa scale modified by
the factor [(1+Va/Vjp)/(]-Va/Vj )]. The spectra collapsed better when the
abscissa was modified by the ve?ocity-ratio factor, Average nomalized jet
noise spectra from figure 59 at high power settings were selected for use

in estimating inflight jet noise spectra at 2.1 rad (120 degrees). Hormal-
ized inflight jet noise spectra used for other angles are presented in

figure 60.

The first step in calculating inflight jet noise OASPLs assumed core

noise OASPLs at 1.57 rad (90 degrees) were the same statically and in-flight
for the same primary jet velocity. This assumption was believed to be valid
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TABLE 20 - JET NOISE QASPL CORRELATIONS BASED ON
DC~-3/J78D-109 FLYOVER NOISE DATA*

OASPL, . =m x 10 Logyo Vy ey + 10 Log g A + Constant

e A L B L B LR

jet P

§ INLET ANGLES

} Degrees 50 60 70 80 90 100 110 120 130 140 150
§ (Radians) (0.87)}(1.05) |(1.22) }(1.40}|(1.57) (1.75)] (1.92)| (2.09) | (2.27) | (2.44) (2.62)
? m 4,10} 4,10 4,20 | 4.30} 4.50} 4.60 5.30 5.70 5.70 5.90 6.60
; CONSTANT -33.0} -30.91-33.3}|-34.4] -41.5{-43.9 | -65.2 | -73,7 | -73.5 | -80.2 | -100.6

* Single Engine, 150 Foot (45.7 Meter) Radius and Free-Field
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since, for a aiven engine operating condition, differences in engine internal
core-noise correlating parameters (see figure 50) are quite small between
static and flight environments. Figure 61 highlights a comparison of the Refan
engine free-field static and adjusted inflight jet plus core noise 0ASPLs at
1.57 rad (90 degress) from the inlet as a function of the primary jet velocity
(the fiyover noise data pre?ented here were corrected for the convection effect
using 10 Logyg (1-MyCos 8)=! and adjusted to a 45.7 m (150 foot) radius), At
high primary jet ve?ocities where jet noise is dominant, inflight OASPLs were
Tower than static levels as a result of jet noise relative velocity effects.
For jet velocities below 213 m/sec (700 ft/sec) where core noise dominates,
Tittle or no reduction in inflight OASPLs were observed.

The second step in calculating jet noise OASPLs assumed changes in the
directivity of core noise OASPLs betw?en static and flight environments could
be expressed by 10 Logyy (1-li3Cos e)~!.

The inflight jet-noise OASPLs were calculated by subtracting the
calculated inflight core-noise OASPLs from the measured inflight OASPLs,
The resulting calculated jet-noise OASPLs at 120 degrees are shown in figure
62. Correlations for inflight free-field jet-noise 0ASPLs for the JT8D-109
engine are presented in table 20, for inlet angles of 0.87 rad (50 degrees)
to 2.62 rad (150 degrees).

Core noise spectra and levels: Inflight core-noise OASPLs were obtained by
correcting the static core-noise OASPL correlations described in table 19,

for the convection effect due to forward motion. Normalized inflight core
noise spectra were obtained using average measured flyover noise data from
approach power settings. Figure 63 shows the normalized inflight core noise
spectra for engine inlet angles from 1.57 to 2.6 rad (90 to 150 degrees) that
were used in the analysis presented here. Frequency of peak core noise for
the lefan JT3D-9 engine was shown in reference 12 to occur at 400/500 Hz, and
not to vary with inlet angle,

A cursory study was made to determine if the noise levels in the 630/800
bands were from source mechanisms other than combustion noise (for example
strut or obstruction noise). The frequencies at which strut/obstruction
noise peaked (determined using methods outlined in references 14 and 17) were
630/800 Hz, as shown helow,

rrequency of
Peak Noise Level,
Hz
Predicted, (using reference 14) 800
Predicted, (using reference 17) £30
Measured (Refan flyover noise data) 630/800

These results indicated that the noise levels in the 630/800 Hz bands for
Tow power settings may be caused by strut noise.
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Turbomachinery noise = static data. = The methodolony developed to identify,
isolate, and predict high-frequency turbomachinery noise levels, spectra,

and difectivity for the DC-9/JT8D-109 Refan aircraft separated turbomachinery
noise into components consisting of fan inlet, fan exhaust, and low pressure
turbine noise on a 1/3-octave band level basis at a 45.7 m (150 foot) radius
as a function of relevant engine cycle parameters. The method required
development of computer programs to: (1) separate noise sources, (2) empiric-
ally predict levels and spectra of each noise source, and (3) extrapolate the
predicted levels to flight conditions.

The static test confiqurations used in separating turbomachinery noise
sources are dscribed in table 21. The data from these tests were obtained
using 4.9 m (16 foot) high microphones located on an arc 45.7 m (150 feet)
from the engine inlet centerline. No attempt was made to remove ground-
reflection effects from tre data.

Removal of jet and core noise from measured data: Before turbomachinery noise
sources could be separated into components, all other significant sources of
noise {i.e., jet and core noise) were removed from the measured data. Low
frequency noise (50 to 1000 Hz) was assumed to be jet plus core noise. A
rc11-of ¥ rate for the contribution of jet plus core noise was assumed for

each angular location for the 1/3-octave bands from 1000 to 10 000 Hz.

Beginning with the 10 000 Hz band and continuing to successively lower
bands, the assumed jet plus core noise levels were subtracted from the total
noise Tevel, giving the total turbomachinery noise level as

(SPLTota]/]O)_lo (SPLJ./(:/'IO):|

spLTurbomachinery =10 L°910 [10

The subtraction procedure continued band by band, until the assumed jet
plus core noise spectrum was within one dB of the total measured noise level.
The high-frequency turbomachinery noise was then extrapolated to lower
frequencies at a roll-off rate consistent with fan/compressor test stand data
previously obtained from engineé manufacturers of 3 dB/octave.

Results from the use of this method are illustrated in figure 64 for data
from Refan engine 1 (configurations A, B, and C) at angles of 0.7 and 2.1 rad
(40 and 120 degrees) for a nominal engine fan speed of 5900 RPM.

Separation of data into discrete tones and broadband noise: The procedures
for separating and predicting turbomachinery noise required determining the
relative contributions of tones and broadband noise to a given spectra. The
following criteria for separating broadband and discrete tone noise were used:

{1) The only tores considered were the fan blade passing frequency (BPF),
the 2nd fan harmenic, and the BPF tones from each of the three low
pressure turbine stages (harmonics of higher order than those
listed were generally in frequency bands higher than 10 000 Hz
and hence, were not included in the separation procedure)
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TABLE 21
JT8D-109 STATIC ENGINE TEST CONFIGURATIONS
ENGINE CONF
‘ DESIGNATION CODE INLET FAN CASE FAN DUCT TAILPIPE
g NUMBER
1 A UNTREATED TREATED TREATED UNTREATED
1 B TREATED TREATED TREATED UNTREATED
1 C TREATED TREATED TREATED UNTREATED
; (PLUS INLET
: "HUSH HOUSE" )
§
2%* — TREATED TREATED TREATED TREATED
j (*) PURPOSE OF THE INLET "HUSH HOUSE" WAS TQ MINIMIZE CONTRIBUTION OF INLET NOISE
: RADIATED IN THE AFT QUADRANT
(**) INCLUDES MODIFIED TURBINE SUPPORT FRAMES
“;&W»Jua:_mbwwa"‘ e R
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120 DEGREES (2.1 RAD)

{b)
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JET + CORE AND TURBOMACHINERY NOISE SEPARATION FOR REFAN
ENGINE 1
5900 RPM

FIGURE 64.
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(2) if multiple tones occurred in the same 1/3-octave band {e.g., BPF
for two or more turbine stages, or the fan 2nd hamonic and one or
more turbine BPFs), they were assumed to have equal strength

{3) the broadband turbomachinery noise spectrum was assumed to La
piecewise linear with 1/3-octave band number.

The application of this method required analysis of narrow band data
to determine the angles and fan speeds where each tone had sufficient
strength to influence the 1/3-octave band data, and to distinguish between and
separate tones from different sources (i.e., fan and turbine) which occurred
in the same 1/3-octave band.

For each angle and fan speed, broadband and discrete tone levels were
separated as follows: Fan and turbine BPFs and fan 2nd harmonics were
calcutated from the fan rotor speed and appropriate fan blade number. Each
tone of significance, determined from narrow band data, was located in {ts
proper 1/3-octave frequency band. Broadband noise for bands containing one
or more tones was calculated. The mean-square pressure of the tone(s) in the
bands was obtained by subtracting the mean-square broadband pressure from the
total mean-square turbomachinery sound pressure:

(SPL (spL

—

dIIU)
P
Tone(s)

Turbomachfnery/lo)_lo Broadban

2 _
/Pref =10

The itotal mean-square pressure of the tone(s) was then distributed equally
among the tones present in the bands and converted to an SPL by:

- o2 2
SPLeach Tone = 10 1094 [(PTone(s)/Pref)/NTone(s)]

Examples of the separation of single and multiple tones are shown
schematically in figure 65.

Separation of inlet and aft turbomachinery noise: At the time of this
analysis "hush-house" data {configuration C) was available for Refan engina 1}
and not for Refan engine 2, The methodologies for separating inlet and aft
turbomachinery noise therefore will be presented separately for these two
cases, with Refan engine 1 considered first.

The purpose of the hush-house was to minimize the contribution of inlet-
radiated noise to the total noise measured in the far field and, hence, obtain
a good indication of aft noise levels at angular locations where inlet noise
would otherwise dominate or make a significant contribution to the total
measured noise. Using this data in conjunction with corresponding data with
no hush-house, permitted a determination of the relative contribution of inlet
noise.
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Since the hush-house was open in front, little or no blockage of inlet
noise occurred at shallow angles. Sound pressure level directivity plots for
each freauency band and fan speed indicated the effective anqular range of
the hush-house to be greater than 1.05 rad (60 degrees). Consequently,
confiquration € data were assumed to be aft dominated between 1.0 and 3.1 rad
(60 and 180 degrees). For angles less than 1.05 rad (60 degrees), data were
extrapolated Tinearly for each 1/3-octave band at a rate of 2.5 dB/0.2 rad
(2.5 dB/10 degrees). This roll-off rate was based on observed trends of
configuration C data above 1.05 rad (60 degrees)} and represents an average for
all frequencies and fan sreeds. The resulting data, after removal of jet

plus core noise and after extrapolating the data to shallow angles, represented
what was called "aft turbomachinery noise".

Inlet turbomachinery noise for Refan engine 1, configurations A and B,
was obtained by subtracting the aft turbomachinery noise from the corresponding
total turbomachinery noise for forward angles, and extrapolating the result to
the aft quadrant at the rate of 2.5 dB/0.2 rad (2.5 dB/10 degrees). Results
from the use of these methods are illustrated in figure 66.

Because there were no "hush-house" data for Refan engine 2 at the time

of this analysis, two assumptions were made concerning the nature of aft
generated turbomachinery noise for engine 2:

(1) total turbomachinery noise is aft dominated for angles aft of 1.57 rad
(90 degrees)

(2) aft noise follows the same directivity as that of engine 1 for
forward angles i.e., 2.5 dB/0.2 rad (2.5 dB/10 degrees).

The methodology presented above for engine 1 was applied to Refan engine 2
to separate inlet noise from aft noise.

Separation of fan exhaust and turbine noise: For low enaine power settings
where jet and fan discharge noise are significantly reduced by lower jet
velocities and the existing extensive fan duct treatment, noise generated by
the three stages of the low pressure turbine could in most cases be readily
identified. Analysis of narrow band spectra from flush mounted

microphones located on the wall of the tailpipe (see figure 67) indicated that
tones were the dominant feature of turbine noise. Also, 1/3-octave band data
indicated that turbine spectra shapes were almost totally controlled by the
distribution of tones within the 1/3-octave bands. Small changes in engine
fan speed could easily alter the spectrum shape if a corresponding shift of
one or more tones into an adjacent 1/3-octave band also occurred. Hence, the
turbine peak frequency dependence and spectral characteristics were attributed
to tones, with turbine broadband noise considered to be of secondary importance.

Based on the results of the narrow band spectra analysis, the methodology
for separating fan exhaust and turbine noise was divided into three categories
depending on fan speed:

A. For low fan speeds {(where turbine noise was clearly identified for
all angles),
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B. For mid-range fan speeds (where turbine noise was clearly identified
for aft angles only), and

C. For high fan speeds (where turbine noise could not be clearly ident-
ified at any angle).

For cateqory (A} fan speeds, estimates of high frequency broadband fan
noise were made by examining total turbomachinery noise at high fan speeds
and forward angles where turbine noise 'as least influential. Using this
procedure, the roll-off rate of the high frequency (above fan PPF) broadband
fan noise was determined to be 5 dB/octave. For frequencies above and below
the highest and lowest turbine BPF's, the roll-off rate of the turbine broad-
band noise was assumed as 20 dB/octave. This value was based on the observed
trends from cateqory (A) data and was in agreement with the Pratt and Whitney
Aircraft recommended generalized turbine spectrum for JT8D-9 engines.

An iteration procedure was developed which applied the assumed fan and
turbine roll-off rates to the aft turbomachinery spectra and adjusted the
levels of each noise source to produce the component noise source levels.

For category (B) fan speeds, aft turbine and fan exhaust noise levels
were determined using the procedure just described, For forward angles, aft
turbine noise was extrapolated using the directivity roll-off rates shown
in table 22. The spectral characteristics of turbine noise at these anales
were assumed to be the same as those at the shallowest inlet angie where
turbine noise could be separated usina cateqory (A) procedure. Fan exhaust
noise was obtained at these angles by subtracting turbine noise levels from
total turbomachinery noise levels,

For category (C) fan speeds (above 6800 rpm), levels and spectra were
estimated using a procedure based on an extrapolation of data from lower fan
speeds. Examination of the data over a ranage of engine fan speeds showed
peak turbine levels to gradually decrease and then level-off as fan speed
increased (highest peak levels occurred at approximately 5300 rpm). ihe
leveling-off enabled peak turbine levels for high fan speeds to be cbtained
from corresponding peak levels at lower power settings (typically 6800 rpm)
where turbine noise was more clearly identified.

Examination of data over a ranae of fan speeds indicated that turbine
spectrum shapes were controlled by the distribution of tones within
1/3-octave bands. At high fan speeds, three possible distributions of tones
can occur to produce three generalized spectrum shapes: (1) left skewed,
(2) right skewed, and (3) clustered (see fiaure 68). These spectrum shapes,
combined with the extrapolated peak levels, established turbine noise definition
for high fan speeds. Fan exhaust noise levels, spectra, and directivity for
category (C) data were obtained by subtracting turbine noise levels from
total turbomachinery .ovise levels,

Results from the use of these methods (categories A, B, and C) are
illustrated in fiqure 69 for data from Refan engine 1 (configuration C) at
angles of 1.05 and 2.4 rad (60 and 140 degreesg for a nominal enaine fan
speed of 5940 rpm,
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TABLE 22

DIRECTIVITY "ROLL-OFF" RATES USED FOR DETERMINING TURBINE NOISE LEVELS

ENGINE Ny/  ABOVE WHICH ANGLE BELOW WHICH DATA DIRECTIVITY

DESIGNATION DATA WERE EXTRAPOLATED WERE EXTRAPOLATEC INTO "ROLL-OFF" RATES
NUMBER INTO INLET QUADRANT, RPM., INLET QUADRANT
1 6165 100 Degrees 3dB/10 Deg for <60 8<100 deg
(1.7 Rad) (3dB/0.2 rad for<l.0 <8O
1.7 rad)

2.5dB/10 Deg for @< 60 DEG
(2.5dB/0.2 rad for 8<1.05 rad)

2 6397 90 Degrees 2.5dB/10 Deg for 8 <90 Deg
(1.57 Rad) (2.5dB/0.2 rad for ©<1.57 rad)
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Source spectra correlation and normalization: In order to predict individual
turbomachinery noise source levels for engine fan speeds other than those
for which engine static data were taken, a procedure was developed to adjust
broadband and discrete tone levels and spectra to any desired condition. The
1/3-octave band spectra for each noise source were normalized with respect to
:i;{Iow rate and correlated with the relevant engine cycle parameters in

able 23,

Turbomachinery noise - flight data. - The flyover noise data used for
separating turbomachinery noise sources were adjusted and normalized to a
format similar to that used to develop the turbomachinery noise separation
methodology described above. This required developing techniques to:

(1} Adjust data to reference weather conditions
(2) Determine the acoustic angle from inlet at each point in the flyover

(3) Convert SPLs measured beneath airplane flight path to 45.7 m
(150 foot) polar data

(4) Remove effects of Doppler frequency shifts.

In addition, all spectra were inspected for completeness. Incomplete
spectra contain "data dropouts". These generally occurred at very high
frequency bands, usually 8000 and 10 000 Hz, caused by SPLs being too close
to background noise levels, In these cases, estimated values were supplied.

After the flyover data had been projected to a 45.7 m (150 foot) polar
radius, the procedures previously described for the static case were used to
separate, correlate, and normalize the turbomachinery noise sources. For
the approach condition, a full separation of fan inlet, fan exhaust, and
turbine noise was made, For takeoff, however, long distance atmospheric
propagation effects on high frequency noise did not permit the separation of
turbine noise from fan discharge noise. Hence, aft generated turbomachinery
noise on takeoff is referred to as "exhaust turbomachinery noise" and
includes all turbomachinery noise sources. These levels were determined to
be considerably below the jet noise levels at a heiaht of 313 m (1026 feet).
as described later,
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TABLE 23
NORMALIZATION FACTORS AND ENGINE CORRELATING PARAMETERS
USED FOR PREDICTING TURBOMACHINERY NOISE SCURCES .
TURBOMACHINERY NORMALIZATION ENGINE CORRELATING
NOISE SOURCE FACTOR, dB PARAMETER
AN INLET 10 LOG]O (HT)* FAN ROTOR TIP
RELATIVE MACH NO.
; FAN EXHAUST 10 LOG10 (HT)* FAN ROTCR TIP —
: RELATIVE MACH NO.
é TURBINE 10 LOGIO(HC)** FAN ROTOR SPEED, RPM
(*) NT is the total inlet weight low, in Ths/sec
(**) Wc is the total core weight flow, in 1bs/sec o
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Prediction Procedures

Core noise. - Two static-to-flight effects on core noise were considered in
the jet and core flyover noise prediction procedure. The first effect vas

an alteration of the directivity of the DASPL of core noise. The correct
method of accounting for the change in directivity has not yet been estabiish-
ed. For example, in reference 14, the term dynamic effect is given as

40 Logyg (1-MaCos e)-1 was used to model core noise as a distribution of
dipoles convected with the aircraft, where (Mz) is the aircraft Mach number
and (e} the angular location. In reference 18, the same effect was described
as a “"source correction factor" given as 20 Logyy (1-MzCos 8)-1. Results of
DC-9/J78D-9 flyover noise measurements however, indicated that a correction
term expressed as 10 Logyg (1-MaCos ©)~' provided the Lest aqreement between
projected static data and flyover noise data. Consequently, this latter
expression was used for the analysis presented here.

The second effect was a doppler-shift on the spectra of core noise. As
the aircraft approaches, the energy shifts from low to higher frequencies-the
reverse being true for the case where the aircraft recedes. However, since
the doppler-shift factors would have resulted in shifts of no more than one
1/3-octave band, and would not have significantly changed any of the calculated
perceived noise levels (PNLs), doppler shift effects were not included in
this analysis,

Jet noise. - Three static-to-flight effects on jet noise were considered.
These effects were (1) the alteration of the directivity due to convection,
(2) the reduction of OASPL due to relative velocity, and (3) the change in
the spectral distribution of sound pressure level,

First, the effect of convection on the directivity of jet noise OASPL
was given {in reference 19 as

| [1-M_Cos(180-8)1%+ 0.09 !4C2]'3'8/ : g
- ¢ = 10 Logy, < 5 > +10 Logy, (1-M_Cos e)” (15a)
0; [1-# Cos(180-8)1%+ 0.08 M |
OF r r
| where Mc = 0.65 (Vjp/co) (155)
: and M. = 0.65 [(Vjp - Va)/cO] (15¢)

C is the change in OASPL between static and flight conditions, e is the far-
field angle relative to the irlet direction, M_ and My are the eddy Mach
numbers in the jet corresponding to the static and flight cases, M; is the
aircraft Mach number, Vjp and V; are the primary jot and aircraft velocities,
respectively, and cg is @he speed of sound in unbient air.
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The first term in Equation 15 was purported to account for changes in
sound radiation patterns due to differences in the convection of the eddies
within the jet exhaust. The second term was attributed to the changes in
the distribution of noise sources in the acousti¢ volume as the jet exhaust
convected with the aircraft. When the 0ASPL directivity correction term C
was applied to JT8D-9 ground static data, the directivity of the predicted
jet noise OASPL did not agree with comparable DC-9/JT8D-9 flyover noise
(measured with 4 foot pole microphones). But, when only the second temm
(i.e. the volume - convection term) was used for C, fairly good agreement
for the directivity was obtained and therefore, only the second term was
used for C in the current procedures. However, subsequent analysis using
JT8D-109 ground static noise and DC~-9/JT8D-109 flyover noise data measured
with flush ground microphones indicated that both the first and the second
temm in ¢ in Equation 15 should be used to correct the OASPL directivity. The
discrepancy between the two results can be attributed to the DC-9/JT8D-9
flyover noise data which was measured with 4 foot pole microphones, and
hence, producing low frequency levels masked by ground reflections.

Second, the relative velocity effect on jet noise OASPL is still not
fully understood. For example, references 19 and 20 showed model test
results indicating that forward motion reduced jet noise at 1.57 rad
(90 deqrees) from the intet (1.57 rad (90 degrees) was selected to avoid
confusion with convection effect). Reference 21, however, stated that there
was no reduction of inflight jet noise at 1.57 rad (90 degrees). Table 24
lists the empirical and theoretical correlating parameters for relative
velocity effects suggested in references 19, 20 and 22. The empirical
correlation for relative velocity effects in reference 20 agreed best with
results from measured DC-9/JT8D-9 flyover noise data and, therefore, was
used for the analysis presented here.

The total change in jet-noise OASPL between static and flight conditions,
produced by the convection and relative velocity effects, is given by
Equation 16

AOASPL = OASPLyy yoo = OASPLer. o
2 2.9
= 10 Log,, [V - M. Cos (180-8)]" + 0.09 1,
[1 - M, Cos e (180-8)]% + 0.09 Mrz

-1 (16)
10 Logq - M, Cos ©)

10 (1-2) Logyy (Vyp/Vy,rel)

+

-+

where M is the slope of the measured static jet-noise OASPL versus jet
velocity correlations described in table 18, as function of inlet anale.
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The third effect considered is the shift of jet noise spectrum due to
changes in the spectral distribution of sound pressures in flight. In
13€5, the SAE jet noise prediction procedure (ref. 23) recognized that
forward motion shifts a jet noise spectrum to higher frequencies at all far-
field angles. The apparent shift of inflight jet noise spectrum is thought
to be due to: (1) moving source {i.e., doppler) effects, and (2) source
alteration effects, As discussed previously, analyses viere not made to
incorporate doppler-shift effects because these effects on PHL were small.
Source-alteration effect on jet noise spectra are illustrated in figure 70,

A characteristic frequency, f, radiated by a jet eddy in flight is hiaher
than the corresponding frequency, f*, radiated hy the same eddy within the
same jet statically. The change in characteristic frequency is due to
changes in the characteristic lenqth scale of the eddy in flight as compared
to the static case. The length scale chancge is proportional to the ratio
of the typical mixing-layer thicknesses, This ratio has been found to vary
according to the relation (private communication with Professor Lauffer of
the University of Southern California).

(1-0,00,)

& _
S?-TWJV;—%T (17a)

where § and * are the typical mixing-layer thicknesses of the movina and
stationary jets respectively, Vy is the free stream or flight velocity, and

Vi, is the primary jet velocity. Assuminag (ref. 24) that a typical frequency
rgﬂiated by an eddy is proportional to jet velocity and inversely proportional
to eddy size or characteristic length scale, which is proportional to mixing
layer thickness, then the ratio of typical frequencies f and f* radiated by
similar noise-producing eddies in a moving and a stationary jets, can be
expressed as

V. -V .
f _[ 'jp a >y _
LA o
0 _f(V. -V )_]

Conseguently, the ratio of Strouhal numbers, f*g 7V%E -J, corresponding
pJp

to typical frequencies f and f*, is expressed as

fD_/(V, - V) 1+ Va/V.

—FA— T TT (17c)

p'ip a’ jp

where Dp is the primary nozzle diameter,
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TABLE 24 - SUGGESTED CORRELATING PARAMETER FOR JET NOISE QASPL
RELATIVE VELOCITY EFFECTS AT 90 DEGREES FROM THE INLET

AUTHOR REFERENCE PARAMETER*

COCKING AND BRYCE 19 10(4-3.1) Logyq (V3 /¥y 1oy)

VOH GLAHN 20 10(M-2) Logyq (V4 /¥y oy

FFOWCS WILLIAMS 22 10(4-1) Log,o(vjp/vj’re1)

* M = Slope of Static Jet Noise OASPL Versus Jet Velocity Correlation;
M is approximately 8 for the above cases.

| v = primary jet velocity.

Jsp

v = primary jet velocity relative to tie speed of the aircraft (V -V.).
j.rel Jp
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STATIC SPECTRUM

SOUND PRESSURE LEVEL {dB}

1/3 OCTAVE BAND CENTER FREQUENCY, Hz

FIGURE 70. SHIFTING OF THE STATIC JET NOISE SPECTRUM AT 90 DEGREES (1.6 RAD) AS A RESULT
OF INFLIGHT SOURCE-ALTERATION EFFECTS
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The effect on the predicted jet noise spectra shape of incorporating
Equation 17c into the flyover noise prediction procedure is illustrated in
figure 71 for an inlet angle of 2.1 rad (120 degrees).

[ ———_

Turbomachinery noise. - Fuselage-mounted engines on DC-9 airplanes provide
: favorable shielding of high frequency turbomachinery noise especially
a during approach operations (see figure 72}, Comparisons of measured
flyover noise levels with levels projected from ground static data indicated
; %ggt progggted static data overpredicted forwvard and aft radiated noise
] gure .

This part of the report discusses the methodology used tc account for
engine installation effects on predicting flyover noise levels from ground
static data.

Three types of installation effects can occur in different angular regions
summarized below (see figure 74},

REGION MECHANISM METHODOLOGY
1 Wing Shielding Barvier Theory
2 Hing/Wheel Sound Scattering Scattering Theory
3 Jet Exhaust Sound Scattering Scattering Theory

The intent of this analysis of DC-9 installation effects was to modify
Q) existing theories to develop workable meihods of accounting for engine
O installation effects.

Hing Shielding: The approach for predicting noise reduction by win

shielding was adapted from the barrier theory described by Beranek %ref. 25).
This theory was based on optical-diffraction (Fresnel) theory, which assumed
that only the incident wavefield close to the top edge of the barrier would
contribute to the wavefield diffracted over the barrier. The diffracted wave
is not just restricted to the shadow zone, but as shown in figure 75 it

also affects a small transition regfon close to the shadow zone by interfering
with the direct wave. The barrier was modeled by the flaps-down confiqur-
ation. The noise source generated by the fan inlet was assumed to be a point
source, T?ese assumptions were also used in other shielding studies (ref. 26,
27, 28, 29).

142




R a et R R R TR :E!

v

ol

e LT R T TR TRAY

AR e ek

Kol

et~

FIGURE 72

TONE-CORRECTED PERCEIVED NOISE LEVEL (PNdB)

FIGURE 73.

DC-9-30 WING/NACELLE SPACING FOR 50-DEGREE {0.9-RAD) FLAPS
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Determination of tloise Reduction (HR) by wing shielding is qiven in %
Equation 18: ;

_
20 log

varN
A ; N 220 (18a)
tanhﬁ TN

N

Jerm
, 20 log Wm—* 5 3 0<N<20 (18b)

NR (f) =

!
E‘?

v2nN .
20 1og m\" 5 3 =0,2<11«0 (18¢)

(Transition Zone)

0 s N<- 0.2 (18d)

The Fresnel number, N, is defined as:

| - 2f_ia ;
3 - ¢ #
where:
:i ¢ = speed of sound, m/sec
a f, = frequency: subscript i refers to the 1/3 octave band
si number, Hz
A 8 = difference in path length between source and receiver, m

2 _ .2
A-d+ \/h = A" -~ 2dA cos (9s - (aln1et'n)

2 2
A =
\/har Pl o

d = direct path length from source to receiver, m

o, = tan! hsg/L5p» degrees

haF = vertical distance from the reference scurce point to the
edge of the deflected flap, m

Lsp = horizontal distance from the reference source point to
the edge of the deflected flap, m
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flap deflection angle, degrees

[~/
-
n

Nntet = angle from inlet centerline, degrees

7 = engine cant angie, deqrees
@ = flight path angle, degrees
+ = receiver in shadow zone for sign of N

1

receiver in brigh: zone for sign of N

Since the noise reduction values calculated from Equation 18 primarily
affect high frequency noise, only frequencies greater than 2000 Hz were
analyzed,

Jet Exhaust Sound Scattering: The noise reduction due to jet exhaust sound
scattering is primarily on the jet exhaust wake thickness, rj. The wake
thickness is defined as a function of the nacelle-exhaust-duct configuration
(e.g. short versus long fan exhaust duct) and the flight condition. The jet
exhaust sound scatterirg analysis presented here was based on Rudd's (ref. 30)
treatment of the Tartarski-Monin equation for scattering sound by turbulence,
developed primarily for the scattering of sound by jets (see figure 76). For
the propagation of sound through turbulence, the turbulence was assumed frozen
for the duration of interaction, The sound wave would then be reflected from
a component of the turbulence possessing the correct wavenumber and scattering
angle.

Rudd's analysis of the Tartarski-Monin equation centered on the scattering
length concept. Rudd defined this length as the distance which a sound wave
has to travel through turbulence for its intensity to be reduced by a factor
of 1/e {see figure 77). This length is related to the scattering cross section
area (0) of a volume (V) of turbulence by the expression L= V/o. HMNoise
reduction due to scattering of sound by turbulence was expressed by Rudd as:

Lo/V

NR = 10 log e (19)

The following is a synopsis of Rudd's calculation of scattering length.
The expression produced by Tartarski-Monin for the differential cross section
for scattering sound by turbulence is shown in Eauation (8).

%"é") = 27k | L, E(K) cos® /2 + ﬁ? ®(K) | cose (20)
where:
8 = scattering angle
kK = wavenumber
K = 2k sin 8/2
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E(K) = spectral density of velocity fluctuations

= 0.061 c2 k'3
d(K) = spectral density of temperature fluctuations

= 0.033 ¢ ¢11/3

¢ = speed of sound

T = temperature

Cs - 2¢ 2/3

C% = a2 L 4/3 ;2

& = mean rate of energy dissipation per unit mass

L0 = 1integral scale of turbulence

a = 2,50, constant given by Rudd

G = mean temperature gradient é&-

¥V = volume of turbulence

The total scattering cross section was defined as:

' o =fﬂiﬂﬁ-2nsmed9
) ~oq

such that,

[#) =
? 2 Ed

2 2
.82V, 3e2 |& L G
c Cc

For a jet of velocity, U, the rate of dissipation was determined from,

3
&=y /6L,

The scattering length is represented in Equation 26 as a function of
frequency, scale of turbulence, and jet Mach number (M)

1.23 ¢2
L 2 ¢

2= Vo =

(21)

(22)

(23)
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However, for significant scattering to occur, Rudd limited the application of
these equations for freauencies;

C

Loy /Mz + 1.1

Eauations 7 and 1) were used to estimate noise reduction of fan exhaust
and turbine noise sources. The jet Mach number was calculated from the fan
exhaust velocity, Up (see figure 76).

f>
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Wing/Wheel Wake Sound Scattering: Analysis of flyover noise data indicated
that some noise reduction mechanism in addition to wina shielding and jet

: exhaust sound scattering occurs during flight. It was hypothesized that this
oo mechanism which effects forward and aft quadrant noise levels occurs as a
vesult of the wake generated by the extended flaps and wheels during approach
operation, and by the flaps in the takeoff configuration. The similarity

in the rate of spreading and velocity distributions between this wing/wheel
wake and jet exhaust wake made it possible to apply Rudd's concept of
scattering of sound by turbulence as described in the preceding section. The
equations derived by Rudd were modified by eliminating the temperature term,
such that the scattering lenath became:

B v L VI

f 1.23 ¢

Vo = Ly £ (0.7 M) (24)
f The Mach number (M)} was determined from the velocity deficit (U «-au)

: where:

? Uoo = free stream or flight velocity

Ad = velocity deficit

Modeling Techniques: The scale of turbulence (LO) in the analyses of both

o jet and wake sound scattering was determined from:

0L
é Lo, = b r3,u (25)
i where the proportionality constant, b, was assumed to be 0.20 as a result of

consultation with Professor John Laufer of the University of Southern
California concerning wake thickness (ry), and C. Y. Chen's definition of
the scale of turbulence (jet exhaust wake thickness, rj)(ref. 31).

The reference jet exhaust wake thickness (rjo = rj, . 1.57 rad (90 deg.))

was estimated from velocity profiles at the position X = 0.3 m (1 foot) down-
stream of the nozzle exit as shown in figure 78. Since the wake from the fan
portion of the jet exhaust is thinner in flight than it is statically, a study
of the velocity profiles was made to determine the loss in noise reduction
from static to flight conditions, Estimates of the jet wake thickness as a
function of angle (rji, rj2, rj3) was simplified by considering the exhaust
wake to be a constant section as shown in figure 78.
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Since information concerning the flow field in the region of interest
(inboard flap of the DC-9) was not available, a model of the flow field
was developed to estimate the wake and velocity distributions. The wake and
velocity distributions due to flow separation from the flaps modeled
by a two-dimensional wake analysis (ref. 32). Circular wake analysis (ref.32)
was used to model the wake growth and velocity deficit due to the interference
of the free stream by the landing gear and wheels (see figures 79 and 80).
The flow field model was designed for approa“h configurations. Analysis of
takeoff configurations assumed a negligible velocity deficit with the wake
qgrowth determined using the wina curve in figure 79 with the initial wake
thickness, y,, equal to the inboard wing chord thickness, Z. The definitions
of the reference wing/wheel wake thickness, ryy, = ruig -y 57 rad (90 deg.)

and "WEq = "WEg = 1.57 rad (90 deg.) are illustrated in figure 81. ELstimates

of the wake thickness as a function of angle were calculated in the same
manner as the jet exhaust wake (see figure 82),
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Engine/tiacelle Acoustic Characteristics

Comparisons of measured ground static data from the JT8D-15 (baseline)
and the JT8D-109 (Refan) engines are presented in figures 83 through 89 (the
JT8D-15 is acoustically identical to the JT8D-9 at the same referred fan speed).
Figure 83 shows peak forward and peak aft 61 meter (200 foot) sideline PHLs as
a function of static engine thrust. Comparison of the baseline and Refan engine
shows reductions in peak forward quadrant noise levels of 5 to 7 PNdB for
engine 1 (Configuration B) and 6 to 9 PNdB for engine 2, depending on thrust.
Inlet acoustic treatment reduced total forward radiated 61 meter {200 foot)
sideline noise from the Refan engine in the 26 688 to 44 480 N (6,000 to
10,000 pound) thrust range by 5 to 7 PNdB for engine 1 and engine 2, respect-
ively. Refan engine 2 achieved a 8 to 10 PNdB reduction in peak aft 61 meter
(200 foot) sideline noise levels compared to the baseline engine from 17 793
to 71 172 N (4,000 to 16,000 pounds) of thrust. The aft quadrant noise levels
for engine 2 with its treated tailpipe and modified turbine support frames
were 3 PNdB lower than those from engine 1 for the thrust range from 8 896 to
71 172 N (2,000 to 16,000 pounds),

Figures 84 through 87 compare 45.7 meters (150 foot) PNL directivity and
SPL spectra for the baseline and Refan engines 1 and 2 at selected peak
forward and peak aft noise angles, for simulated FAR Part 36 thrusts. Inlet
and aft attenuation spectra from the inlet and tailpipe acoustic treatment are
shown in figure 88 for three simulated FAR Part 36 thrusts: approach 0.873
and 0.611 radian (50 and 35 degree) flaps and cutback. The maximum inlet
noise reduction of 14 dB occurred at cutback thrust in the 1/3-octave frequency
band centered at 4000 Hz {the band containing the fan fundamental BPF). At
0.611 radian {35 degree) flap approach power where turbine noise is most
prevalent, tailpipe treatment reduced the SPL in the 8000 Hz frequency band
by 6 dB. Inlet and tailpipe treatment noise reduction of 8.0 and 3.3 PNdB
were obtained from projecting static data to the FAR Part 36 approach [(0.873 m)
(50 degree) flaps] condition, for which the nacelle acoustic treatment was
designed. The inlet treatment noise reduction of 8 PNdB agreed quite well
with the estimated value of 7 PNdB from the inlet treatment design chart
(ref. 33) used for establishing preliminary guidelines in determining the
amount of inlet treatment needed to achieve a "balanced configuration" (a
nacelle is considered to have a "balanced configuration" if the peak forward
quadrant noise levels are equal to the peak aft quadrant noise levels). The
tailpipe treatment noise reduction of 3,3 PNdB from the 1.30 m (51 in)
treatment was somewhat less than the estimated value of 3.9 PNAD for a .89 m
(35 in.) treatment length (ref. 33).

The combined nacelle treatment (inlet, fan case, fan duct and tailpipe)
had essentially achieved the design goal of a "balanced configuration". This
finding is based on results of controlled approach flyover noise tests which
showed the spread between the peak forward quadrant noise levels [1.4 rad
(80 degrees)% and peak aft guadrant noise levels [1.8 rad {100 degrees)] to
be only 1 PNdB (figure 89).
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Hoise Source lLevels

Noise source levels from ground static and flyover noise data are presented

in figures 90 through 99. Figures %0 to 93 present source SPL spectra for
Refan engine 2 at 1.05 and 2.1 rad (60 and 120 degrees) from measured 45.7 m
(150 ft) ground static data for four simulated FAR Part 36 power settings.

Figures 94 through 99 show source PNLT time-histories and SPL and
perceived noisiness snectra from approach and takeoff flyover noise data. The
data from these tests used 10 m (33 ft) high pole microphones and flush mounted

round microphones to minimize qround reflection problems. The approach tests
%figures 94 to 96) used a 0,052 rad (3 degree) glideslope and 0,873 rad

(50 degree) flap setting, and had a minimum slant range distance of 237 m
(776 ft). At these conditions, further roise reductions to improve community

noise levels would require reducing jet, core, fan exhaust and fan inlet noise-—

each source having a peak noise level within a ranae of +1.5 PNdR,
The full thrust takeoff tests (figures 97 to 99) had a minimum slant
range distance of 313 m (1026 ft). The takeoff noise levels at this distance

were dominated entirely by jet noise, with turbomachinery and core noise levels
approximately 8 to 10 PNdB below the jet noise levels (figure 97).
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Flight Effects on Jet and Core Noise

The static-to-flight comparison plots presented here had turbomachinery
noise removed from the spectra using the procedures described earlier. The
broadband noise from 50 to 1000 Hz was determined to be primarily jet and core
noise and hence was identical to the measured data. A1l static-to-flight
comparisons were nomalized to single-engine/45.7 m (150 foot) radius conditions
with "averaged" data selected to have very nearly the same absolute primary
jet velocity.

Comparisons of static and flight jet plus core OASPLs and SPL spectra
are presented in figures 100, 101, and 102 for three ranges of jet velocity
corresponding to approach [(226 n/sec)(740 ft/sec)], cutback [(399 m/sec)
(1310 ft/sec)], and a takeoff [(466 m/sec) (1530 ft/sec)] power settings
respectively. The most interesting observation from these data is the lack
of reduction in forward quadrant [{(0.5 to 1.4 radians) (30 to 80 degrees)]
flyover noise levels and the increasingly larger reduction in aft quadrant
[(1.57 to 2.8 radians) (90 to 150 degrees)}} flight noise,

At 0.87 and 1.57 radians (50 and 90 degrees) from the inlet, OASPLs were
controlled by the SPLs in the 630 and 800 Hz bands; for frequency bands from
50 to 500 Hz, flight SPLs were reduced by 2 to 3 dB, At 2.1 radians

(120 degrees) the flight spectra were reduced approximately 2 to 5 dB from
50 to 10 000 Hz.

At a jet velocity of 399 m/sec (1310 ft/sec), flight data were consistently
Tower than projected static data at all angular locations (figure 101). Results
from use of the flyover noise source separation procedure showed flight data
to be dominated by jet noise with core noise levels 6 to 7 dB below jet noise
levels, These static-to-flight characteristics were contrary to those reported
by Bushell {ref, 21). For example, reference 21 indicated that inflight jet
and core noise (1) increased for inlet angles less than 1.57 rad (90 degrees),
(2) remained the same at 1,57 rad (90 degrees)}, and (3) decreased for inlet
angles greaier than 1,57 rad (90 degrees). The difference between the trends
reported here and those reported in reference 21 may be due to:

1. Differences in the procedures used for correcting spectral irregular-
ities due to ground reflection, aircraft flight path, engine inlet
angle, atmospheric conditions and airplane instaliation effects.

2. Differences in aircraft engine and nozzle configurations which may
have introduced additional noise sources.

3. Differences in the static and flyover-noise measurement data -
reduction systems.

Figure 102 compares static and flight OASPLs and SPL spectra at 2.6 radians
(150 degrees) for jet velocities corresponding to takeoff thrust. The static-
to-flight trerds observed for these high jet velocities were similar to those
observed at a jet velocity of 399 m/sec (1310 ft/sec).

For primary jet velocities of 399 and 466 m/sec (1310 and 1530 ft/sec)
both the static and flight spectra at 2,6 radians (150 degrees) contained
“double peaks”. Tne reduction in level across the spectrum due to relative

velocity effects indicate that the SPL in the 400 Hz band is controlled by jet
noise, and not core noise,
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Comparison of Static Predicted and Measured Flyover Noise Levels

Comparison of static predicted and measured flyover noise spectra are
presented in figures 103 and 104 for approach and takeoff operations. The
approach tests used a 0,05 rad (3 degree) glide slope and 0.87 rad (50 degree)
flap setting, and had a minimum slant range distance of 37 m (400 ft). The
takeoff tests had a minimum slant range distance of 701 m (2300 ft).

Predicted low frequency jet plus core ncise levels for approach operation
agreed fairly well for most angles except those around 1.4 rad (80 degrees)
where the predicted levels in the mid frequency range (6307800 Hz) were lower
than the measured levels by 2 to 3 dB. The reason the predicted 630/800 mid
freauency approach noise levels were lower than the measured levels is that
they vere dominated by core noise and not jet noise.

Predictions of high frequency turbomachinery noise levels for approach
operation were significantly improved by incorporating the methodology used in
determining engine installation effects on predicting flyover noise levels from
ground static data. Figures 103(a) and 103(b) show the improvement for the
shallow inlet noise angles of 0.52 and 0,87 radians (30 and 50 degrees) from
wing shielding (results include a 5 dB octave recovery factor for 0.52 radians
(30 dearees), see Equation 6{a), and the effect of the wake sound scattering
for 0.9 radians (50 dearees). The wing shielding however underpredicted the
noise reduction for the much less important very high frequencies (8000 and
10 000 Hz) where low level measurements are difficult to achieve. HNoise
reduction of high frequency fan inlet, fan exhaust and turbine noise by wake
sound scattering are shown in fiqures 103(c) and 103(d). Estimated static and
flight velocity profiles used in the jet sound scattering analysis indicated
that the jet sound scattering produced no noise reduction in either static or
flight condition., This was because the fan exhaust shear layer was estimated
to be too thin [{0.03 meters)(0.1 ft)] to attenuate the frequency range of
interest (i.e. 2000 to 10 000 Hz). The table below compares the predicted
and measured flyover noise levels for DC-9 Refan aircraft on approach showing
improvements from use of shielding analysis.

Maximum Tone Corrected Effective Perceived
Perceived Noise Level Noise Level,
PNdB EPNdGB
Measured Flyover Noise Level 103.5 97.7
Prediction without Shielding 105.3 100.0
Prediction with Shielding 104.5 98.0

Predicted noise levels for takeoff operation agreed fairly well over the
entire frequency range (50 to 10 000 Hz) for most angles from 1.0 throuah
2.1 radians (60 through 120 degrees) as shown in figure 104,
%
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Estimates of DC-9 Refan flyover noise levels based on the static-to-
flight prediction procedures described here have agreed with measured

flyover noise levels within +1 EPNdB at the reference FAR Part 36 conditions
(see table 25),
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TABLE 25

COMPARISON OF STATIC-PREDICTED AND MEASURED FLYOVER NOISE
LEVELS OF THE DC-9 REFAN AIRCRAFT AT FAR PART 36 CONDITIONS

MTOGW = 108,000 LBS MLGYW = 99,000 LBS
(a8h 408 1) (840 374 1)
EFFECTIVE PERCEIVED NCISE LEVEL, EPNdB
APPROACH APPROACH
SIDELINE TAKEQFF TAKEOQFF 50 Degree 35 Degree
(Without Cutback) (Without Cutback} (0.9 RAD) (0.6 RAD)
_ Flaps Flaps
MEASURED 95,3 96,2 87.5 97.4 95,7
PREDICTED 94,4 95.3 g87.2 97.0 96.2_
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DISCUSSION OF RESULTS

The detailed analysis of the data from the flight test phase of the
Refan Program provided information to permit the determination of FAR Part 36
noise levels, EPNL- and dB(A)-distance maps, community nofse contours,
lateral noise attenuation, effects of air turbulence on sound propagation, and
ground reflection effects on the spectra of measured flyover noise. Also,
studied were the noise source levels, static-to-flight predictions, and engine/
nacelle acoustical characteristics of the DC-9-31/JT8D-109 Refan aircraft.

The principal resulis obtained from the FAR Part 36 noise level analysis
for DC-9-30 airplanes were:

Refan Baseline {C9A) - Baseline (Oct'74)
(JT8D-109 (JT8D-9(H/W)) {JT8D-9(H/W)

Effective Perceived Noise Levels (EPNdB)

Sideline 95.3 N/A 99.8
Takeoff 96,2 N/A 102.7
Takeoff with Cutbuck 87.5 95.7 97.4
Approach
§ = 0.873 rad (50°) 97.4 106.1 103.0
§ = 0.611 rad (35°) 95.7 N/A 100.9

N/A = Not Available H/W = Hardwall

The 90 percent confidence limits for the Refan FAR Part 36 noise levels
were + 0.6 EPNdB, well within the requirement of + 1.5 EPNdB.

A large quantity of data were obtained over a wide range of engine power
settings and distances, which permitted an accurate determination of EPNL and
dB(A) level variations versus distance and referred net thrust (Fy/& ). Because
of the extent of the data the 90 percent confidence 1imits for alq centerline
microphone data were within + 0.8 EPNdB,

The principal results obtained from the comnmunity noise exposure contour
comparison of the hardwall nacelle DC-9 and the Refan DC-9 show thal:

¢ The DC-9 Refan reduced the 90 EPNdB contour area for takeoff with and
without cutback by 40 percent for the maximum gross weight airplane
and 19 percent for takeoff with cutback and 34 percent for takeoff
without cutback for t.e typical mission airplane.

o The DC-9 Refan reduced the 95 EPNdR contour area by 50 percent for i

takeoff without cutback for both the maximum=-gross-weight and typicai-
mission airplanes.
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e The DC-9 Refan reduced the 95 EPNdB contour area for takeoff with
cutback about 30 percent for both the maximum-gross-weight and
typical-mission airplanes.

The result of the lateral noise attenuation analysis shows that the
elevation angle is the significant parameter with thrust and slant range
having only secondary effects. A plot of lateral noise attenuation as a
function of elevation angle was developed.

Measured noise spectra showed aareement with ground reflection theory with
10 meter (33 foot) and flush-mounted microphone data displaying predicted
pseudotone characteristics,

From measurements made with a Universal Indicated Turbulence System,
levels were obtained of the parameter R, which is the level of dissipation in
the atmosphere. The parameter R is related to the inteqral scale of turbulence,
L. Two typical cases were chosen for analysis, one with light turbulence
and the other with moderate turbulence.

The light dissipation case [low values of R (0.2 = R = 0.8) corresponding
to high values of L (60 s L = 120 m)] show attenuation of nearly 8 d8 at
2500 Hz. The moderate dissipation case [moderate values of R (1.25 R s 4)
corresponding to low values of L {125 L = 30 m)] showed attenuation values
of 1.5 dB at 2500 Hz.

The principal results obtained from the noise source separation and
prediction procedures were:

e Low €cequency (50 to 1000 Hz) noise levels based on 45.7 m (150 ft)
static test data from the Refan engine were dominated by core noise
for absolute primary jet exhaust velocities below 213 m/sec (700 ft/sec)
and by jet noise for velocities above 305 m/sec (1000 ft/sec).

® Ground static test and flyover noise data showed that the frequency of
peak core nofse varied with engine inlet angle from 630/800 Hz for
angles up to 2.1 radians (120 degrees), and from 400/500 Hz for
angles greater than 2.1 radians (120 degrees). Analysis indicated the
frequency of peak strut/obstruction noise also occurred in the
630/800 Hz bands.

e For power settings where low frequency noise was controlled by core
noise, forward motion reduced aft noise by 1 to 7 PRdB from 1,6 to
2.8 radians (90 to 160 degrees) respectively, but had no effect on
forward radiated noise. For high power settings where low frequency
noise was controlled by jet noise, forward motion reduced forward as
well as aft noise with noise reductions increasing with increasing
inlet angle.

e For takeoff power settings corresponding to a primary jet velocity of
466 m/s (1530 ft/sec), SPL spectra for angles aft of 2.3 rad {130 degrees)
contained "double peaks" in both the static and flight test data
indicating that the higher 400 Hz peak was jet and not core noise,
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e Inlet and tailpipe treatment noise reductions of 8.0 and 3.3 PNdB were
obtained from projecting static test data on a noise source basis, to
the FAR Part 36 approach [(0.9 rad)(50 deqree) flap] condition for
which the nacelle acoustic treatment was designed.

o Approach flyover noise tests demonstrated the nacelle acoustic treat-
ment to be a "balanced configuration".

e Incorporation of methodology to account for engine installation
effects (i.e., wing shielding and wing/flap/wheel sound scattering)
in the flyover noise prediction program significantly increased the
accuracy of predicting approach tu “bomachinery noise levels from
ground static test data.

e Estimates of DC-9 Refan flyover noise levels based on ground static
test data agreed with measured flyover ncise levels within + 1 EPNdB
for the following five FAR Part 36 conditions: takeoff, takeoff
(cutback), sideline and approach [(0,873 rad)(50 degree)flaps and
(0.61Y rad) (35 degree) flaps].

The principal results obtained from ground static test measurements were:

e Peak forward 61 m (200 ft) sideline PNLs from the Refan engine were
6 to 9 PNdB below the PNLs from the baseline {(JT8D-15} engine for
etatic thrusts from 17 792 to 71 172 N (4000 to 16,000 pounds)

e Inlet acoustic treatment reduced total forward radiated 61 m (2u0 ft)
sideline PNLs from the Refan engine by 5 to 7 PNdB for static test
thrusts from 26 689 to 44 482 N {6000 to 10,000 pounds).

¢ Maximum inlet treatment attenuation was 14 dB at cutback thrust and
4000 Hz, the band containing fan fundamental BPF.

e Peak aft 61 m (200 ft) sideline PNLs from the Refan engine were
8 to 10 PNdB below those from the baseline engine for static thrusts
from 17 793 to 71 172 N (4000 to 16,000 pounds).

e Tailpipe treatment reduced turbine noise at approach power by & dB at
8000 Hz, the band containing turbine fundamental BPF.
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CONCLUSIONS

The purpose of the Refan Program was to determine the technica) and
economic feasibility of reducing community noise of JT8D powered aircraft
through modification of existing engines and nacelles. This report presents
FAR Part 36 noise levels, EPHNL- and dB(A)-distance maps, and community noise
contours. Studies were made of lateral noise attenuation, effects of air
turbulence on sound propagation, and ground reflection, effects on the spectra
of measured flyover noise. Also studied were the noise source levels,
static-to-flight predictions, and engine/nacelle acoustical characteristics
of the DC-9-31/JT8D-109 Refan aircraft.

The JT8D-109 Refan engine with acoustically treated nacelles installed
on a DC-9 Series 30 airplane reduced the FAR Part 36 noise levels when
compared to a C9A airplane (military version of DC-9 Series 30) with JT8D-9
engines and hardwall nacelles by 8.2 EPNdB during takeoff with cutback and
by 8.7 EPNdB during approach. The sideline noise levels were reduced by
4,5 EPNdB compared to the October 1974 baseline airplane.

The use of Refan engines on the DC-9 Series 30 reduced the 90 EPNdB
community noise contours by 40 percent for takeoff with and without cutback
for the maximum-gross-weight airplane, 19 percent for takeoff with cutback
for a typical-mission airplane, and 34 percent for takeoff without cutback
for a typical-mission airplane.

The 95 EPNdB community noise contours were reduced by 50 percent for
takeoff without cutback and 30 percent for takeoff with cutback for both
the maximum-gross-weight and typical-mission airplanes. The two secment
approach provided very little reduction in contour area for either the 90 or
the 95 EPNdB contours,

Methodology was developed to separate noise source levels, spectra and
directivity based on ground static test and flyover noise data and to predict
its flyover-noise levels based on ground static test data.

To further reduce DC-9 Refan flyover noise levels on approach at about
244 m (800 ft) height would require reducing jet, core, fan exhaust and fan
inlet noise. Each source had peak noise values within a range of + 1.5 PNdB.

DC-9 noise levels on takeoff, at about 305 m (1000 ft) altitude where

the source noise analysis was made, are dominated by jet noise with core
and turbomachinery noise 8 to 10 PNdB below jet noise.
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APPENDIX A
Data Acquisition Validity

The flyover-noise measurement runs attempted for the DC-9 Refan flight
test program are listed in table 1, The exact space positioning of all
microphones is listed in table A-1. Noise data were recorded for all runs.
However, only the data indicated as valid in table A-2 were reduced and used
in this report.

A11 microphone data for Runs 1 through 3, 26, 63, and 64 wcre not
analyzed because of missing MALT space positioning data. The presence of
military jet and other air traffic noise during Runs 14, 45, 68, 89, 81, 88,
and 89 made the noise measurements from these runs invalid. Runs 58, 71, 76,
and 93 were aborted due to incorrect test conditions, In addition, certain
individual microphone data were affected by system noise or signal drop outs.
Thzrgfore, none of these data were used in the analyses reported in Sections 4
and 5.

The acoustic data from the microphone located 1677 m (5,503 ft) to the
sideline were severely limited by the levels of ambient and microphone system
noise, the system noise consisting of extraneous high frequency signals.
Wherever possible, the extraneous high frequency content was eliminated, and
care was taken to use the lowest possible levels of valid ambient noise for
each run. However, the only acoustic data used from this location were for
the higher power setting higher altitude runs.

The amount of invalid flyover-noise data from the test program was

anticipated, and a considerable amount of useful information was obtained.
Consequently, the objective of the test was well satisfied.
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TABLE A-1

DC-9 REFAN FLYOVER NOISE TESTING MICROPHONE LOCATION COORDINATES

MICROPHONE LOCATION COORDINATES*®

MEASUREMENT LOCATION FEET m’:fsrsns; FEET I;ETERS) FEET uvferenspﬂ
c4 —2802 (—854.0) -16  {~4.9) -7 (-21)
cé -7301 {-2225,2) o (o -81 (-24.7}
C6 (MIC 2F) FLUSH —7291 {—-2222.3) [ —86 {—25.9)
C6 (MIC 2P) 10 METERS —7336 (—2236.0) -35 (-10.7) —B6 (—16.8)
C6 {MIC 3P) 10 METERS -7101 {-2164.4) 0 {0 -58 (1.7}
c10 2 6.7 198 (60.4) -1 {-03)
C10(MIC 7F) FLUSH 32 6.7) 198  (6D.4) -5 {—1.5)
C10 (MIC 4P) 10 METERS —-28 (—8.5} 178 (54.3) 2%  (7.62
C10(MIC 5P) 10 METERS 172 (52.4) 178 {58.3) 2% {7.62)
c1t 2805 (855.0) 185 (56.4) 2 106
50 4090 (1243.6) —1457(—444.1) 7 {21
S16 538  (164.0) ~1461(—445.,3) a (1.2
$16 (MIC 7F) FLUSH §38  (164.0) —1471(—448.4) 0 (o
518 -3042 {-921.2) —146—447.1) o O
s19 3444 (1050.0) —1449(-441.7) 10 (3.4)
$20 555 (169.2) 1464 (446.2) -9 {(-2.7)
3N —41  (-125) 2639 (804.4) —37 (-11.3)
6N 3558 (1084.5) 5503 (1677.3) -7 (=21)

*RELATIVE TO @ AT WEST END OF YUMA RUNWAY 21R
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g TABLE A-2
MATRIX OF FLYOVER NOISE TESTS
29 AND 31 JANUARY AND 1, 2, 3, AND 5 FEBRUARY 1975
on MICROPHONE LOCATIONS
: R
‘ FLIGHT CONDITIONS NO. [ca c6 C10 {C1t |S0 | S16| 518 [S19 | S20 | 3N | &N
TAKEOFF (THRUST/ENG = 13,500 LB} 4 1 9!l 10
i B = 13,500 LB} 5 1 g | 10
TAKEOFF {THRUS “/ENG = 9,500 LB} 6 1 9] 10
WITH = 9500L8 7 1
CUTBACK 9 J g | to
TAKEOFF (THRUST/3NG = 13,500 LB} 8 1 g | 10
CORRECTION = 13,500 LB} ] 1 12 9 7 1] 10
= 1350018} | 10 1 12 9 7 |11 | w0
TAKEOFF {THRUST/ENG = 9500LB) [ 11 1 12 9 7 1] 10
WITH THRUST/ENG = 9,500 12 1 12 7 1
B ACK {THRUST/ LB} 9 1 0
TAKEOFF (THRUST/ENG = 13500LB} | 13 1 12 9 7 (11 ] 10
CORRECTION = 13500LB} | 15 1 12 9 7 |1 ] 10
IVAKEOFF {THRUST/ENG = 9,500L8} | 16 1 12 9 7 |1 |0
ITH = 98500LB) | 17 1 12 9 7 11| 10
CUTBACK - os00LB) | 18 1 12| el 7 in]w
= 95008) | 19 1 12 9 7 |11 ] 10
CUTBACK ITHRUST/ENG = 9,500L8){ 20 1 12 9 7 {11 ] 10
CORRECTION = 9500LB) | 21 1 12 9 7 {11 ] 10
9500LB) | 22 1 12 9 7 i ] w0
= 950018} | 23 1 12 9 7 11}
APPROACH |(THRUST/ENG = 6900LB) | 24 | 4 |1,2p. 3P| 6. 7F T B T in
CORRECTION = 6300LB}| 25 | 4 |1,2P, 3P| 6. 7F 9 5 10 [ 1
50-DEG FLAP |(THRUST/ENG = 5500tB)| 27 | 4 1 6, 7F 9 5 10 | NP
APPROACH = 5,100Ls)| 28 | 4 1 6, 7F 9 5 10| N
= 5300uB}| 29 | 4 1 6, 7F 9 5 1] N
= 5600LBI] 30 | 4 1 6, 7F 9 5 0| 1
= 5200L8) | 31| 4 1 6, 7F 8 5 10 | 1
= 5600LB)| 32| 4 1 6 7F 9 5 0| I
APPADACH |(THRUST/ENG = 4,700LB} | 33 ] 4 1 6, 7F 9 5 10 | np
¢ CORRECTION - AS00LB)| 34 | 4 1 6, 7F 9| s 10 | 11
¢ = 4300LB}| 35 | 4 1 6, 7F 9 5 10 | 1
= 3400LB)| 36 | 4 1 6 F 9 5 0] I
= 3,200LB)| 37 { 4 1 6, 7F a 5 10| n
= 2800LB)| 38 | 4 1 6, 7F 9 5 10| N
APPROACH [{THRUST/ENG = 6,500LB} | 39 |NP NP 6, 7¢ Il a 10 { 1
CORRECTION = 6900L8)| 40 | 2 1 6, 7F 9 3 10 n
= 6,100LB)| 41 | 2 1 6, IF g 3 10 | 11
35.DEG FLAP |(THRUST/ENG = 3,2001LB) | 42 | 2 1 6, 7F 9 3 10 | NP
APPROACH = 4600LB}| 43 | 2 NP 6, F 9 3 10
= 3800LB)) 44 ! 2 1 6, 7F 9 3 10| n
= 3800LB)| 46 | 2 1 6, 7F a 3 10 | 11
= 3800LB)| 47 | 2 1 I NP{ NP Ne | 1
- 3800LB1] 48 | 2 1 6, 7F 9 3 10. | NP
= 4000LB)| 49 | 2 1 6, 7F 9 3 10| n
j = 4,100LB)| 50 | 2 1 6, 7F g 3 1w | n
;., APPROACH |{THRUST/ENG - 5400LB)| 51 | 2 1 6, 7F 3 3 10 | NP
i CORRECTION = 3100iB) | 52 | 2 1 6, 7F 3 3 0| x

R

i

4
H
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TABLE A-2 (CONTINUED)
MATRIX OF FLYOVER NOISE TESTS

29 AND 31 JANUARY AND 1, 2, 3 AND 5 FEBRUARY 1975

MICROPHONE LOCATIONS

RUN
FLIGHT CONDITIONS NO. {ca C6 C10 [CI11[SO| S16 (S18 [519 [ S20 | aN (6N
TAKEOFF {THRUST/ENG = 13,7008} | 53 1 6 3 8, 7F sl 11 j12
CORRECTION = 13,700 LB) | 54 1,2F 6 3 g9, 7F 0| 1|12
= 13,700LB) | 55 1, 2F 6 3 9, 7F w12
= 12,700LB) | 56 1,2 6 3 g, 7F 10| 11 |12
= 12,700LB] | 57 1, 2F 6 3 g, 7F 1] 11 |2
= 11,700 LB} | 59 1. 2F 6 3 7F 0] 11 |12
= 11,700L8) | 60 1, 2F 6 3 9, 7F 0 | 11 |12
= 10,700 LB) | &1 1, 2¢ 6 3 9, 7F 10 11 |12
= 10,700 LB} 62 1, 2¢F 6 3 Q, 7F 10 13 12
= 13,50018) | 65 1 6 3 g, 7F 1w | 1 |12
= 1350018} | 66 1 6 3 g, 7F 101 11 |12
= 13500LB) | &7 i 6 3 9, 7F 10| 11 |12
= 13500LB} | 69 1 6 3 9, 7F 0] 11 |12
= 9500LB} | 70 1 6 3 9, 7F 1w n |12
= B,000LB) | 72 1 6 3 g, 7F 1w | 11 |2
= 9,500LiB} | 73 1 6 3 8, 7F w1 {12
= B,000LB) | 74 1 6 3 g, 7F 10| 11 |12
= 13500LBl |} 75 1 6 3 9, 7F 1w | 11 )12
= 8000LBl | 77 1, 2F 6 3 9, 7F 10
- B000LB) | 78 1 6, 5P 3 9, 7F w0 | j2
TAKEOFF (THRUST/ENG = 7,000LB} | 79 1 6 3 9, 7F 0§11 |12
CORRECTION = 7,000LB) | 82 1, 2F 6 3 9, 7F 10| 11 j2
= 70000LB) | 83 1, 2F 6 3 g, 7F 0| 11 |12
= 13,500LB) | 84 28 6, 5P 3 9, 7F 10 | ne L2
400.FT {THRUST/ENG = 13500L8) | 85 1. 2F 6 3 g9, 7F 10| ne |2
LEVEL = 13500LB) | 86 1, 2F 6 3 a9, 7F w1 1 {12
FLIGHT = 9500LB) | 87 1.2F 6 3 9, 7F 10| N juP
= 9500LB) | 90 1, % 6 3 g, 7F 10| 11 [npP
= 950018} | 91 1, 2F 8 3 9, 7F 0] 11 {2
APPROACH |(THRUST/ENG = 6,000LB} | 95 | 2 1 6, 6P g NP | 11
SURVEY - 6000LB} | 96 |2 1 6 9 10| n
= s5400LB) | 97 |2 1 6 9 0| "
= 5400LB) | 98 |2 1 6 9 10 n
50-DEG (THRUST/ENG = 3900LB) [100 | 2 1 6, 4P, 5P 9 10 | 1%
FLAP = asooiel |11 |2 1 6, 4P, 5P 9 10
5.5.DEG = 3,100LB} {102 |2 1 6 9 NP N
APPROACH = 290018} {103 |2 1 6 9 w0 | 1
= 3100LB) |104 |2 1 6 9 1
= 350018 105 |2 1 6 g ne | 1
i.s-D%G Y (THRUST/ENG = 3200LB) |106 ]2 1 6 9 10| n
PPROAC = 2,000L8} 107 |2 1 6 9 wln
CORRECTION = 3zc0L8) |108 |2 1 6 9 10 | 1
= 2o00uLBl (109 |2 1 6 9 10 | n
= 1,500LB) 110 (2 1 6 9 10N
= 1500LB) (110 L2 NP 6 9 10 | we
= 2000LB) |12 |2 1 6 9 10 | NP
MNOTES: 1. NP = NOT PROCESSED, I = INVALID DATA

2. FOR EACH RUN THE NUMBERS BENEATH EACH MICROPHONE LOCATION ARE MIC ROPHONE NUMBERS AND

INDICATE A PROCESSED RECUORDING.
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APPENDIX 1

Test Site Meteorclogical Data

The dry-bulb temperature, relative humidity, and wind speed and direction
weather conditions were recorded at ground level (10 meters) during the
flyover-noise testing, Upper-air soundings of these conditions, plus air
turgu}ence. were obtained by Meteorology Research, Inc. with the following
techniques:

[ .
3
|

1. Temperature, relative humidity, and air turbulence were obtained from
. continuous recordings from an instrumented Cessna 180 1ight atrcraft

2, Wind speed and direction were obtained from theodolite tracking of
weather balloons.

The test day surface and sound path weather conditions are summarized
as follows:

Table B-1 Mobile Atmospheric Recording Tower Weather Data
Figure B-1 Surface Weather History, Yuma Test Site
Figure B.2 Sound-Path Weather During Fiyover-Noise Tests

or
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TABLE B-1

MOBILE ATMOSPHERIC RECORDING TOWER WEATHER DATA

33-FOOT (10-METER) HEIGHT

AMB | RELATIVE | ABSOLUTE WIND STATION
FLIGHT & | TIMEOF | TEMP | HUMIDITY | HUMIDITY | DIR VEL PRESS
RUN NO. DAY {°F) (%) eMrms) (DEG) | (MPH) | (IN.-HG)
w_ 4 0744 36.0 60.7 3.3 240 4 N/A
E ﬁ 5 0755 36.3 61. 34 240 2 N/A
58 6 0804 36.9 56.0 a2 230 2 N/A
2= 7 o814 | a8 60.9 36 240 2 N/A
8 0823 B8 58.4 386 275 2 N/A
) 0932 488 a14 3.7 330 2 20.81
10 0948 50.4 3.5 33 a3 2 20.81
1 0956 51.2 36.0 35 245 2 29.81
- 12 1003 52.1 340 34 255 3 29.81
® 12 1011 525 36.1 3.7 100 2 29.81
a 15 1034 52.8 334 34 260 4 2081
S 16 1043 525 35.1 36 260 4 29.81
o 17 1050 53.6 355 38 280 4 29,81
z 18 1100 56.4 32.8 3.7 220 3 29.80
3 19 1118 56.5 30.4 a6 220 3 29.80
20 1125 56.3 27.3 3.2 308 3 29.80
21 1134 56.4 275 3.2 240 3 29.80
22 1142 56.7 27.4 32 280 5 2980
23 1149 56.9 25.8 at 280 5 29.80
24 0929 52.2 578 58 155 5 29.96
25 0940 518 59.8 59 180 5 29.96
27 1014 53.1 49.7 5.2 360 10 29.96
_ 28 1033 54,1 51.7 5.6 360 7 29.96
g 29 1042 54.3 51.4 56 200 6 29.96
b kUi 1052 55.9 45.7 5.2 330 4 20.96
5 3 1102 56.0 468 54 135 7 29.93
- 3z 110 56.0 458 5.4 335 7 20.93
5 a3 1120 56.5 433 5.1 300 4 2093
=R 1129 56.8 431 5.1 310 5 29.93
35 137 575 452 5.5 260 7 29.92
36 1143 58.0 ns 5,1 225 4 29.92
a7 1151 60.5 38.4 5.1 180 2 29.92
38 1157 53.7 44.4 5.6 180 3" 29.91
39 0932 52.7 515 5.3 a5 7 30.06
40 og40 | 539 51.0 5.4 20 7 30.06
M 0948 54.9 46.6 5.2 10 7 30.06
42 0956 56.8 450 5.1 25 7 30.07
N 43 1004 56.0 46.2 5.3 15 7 30.07
® a4 1013 56.9 453 5.2 20 8 30.07
& 46 1031 57.2 406 49 20 9 30.07
g | 47 1040 | 574 88 a7 360 7 30.07
= 48 1049 57.8 40.7 50 360 7 30.07
g 49 1100 58.4 as.0 47 350 4 30.07
@ 50 1110 | 582 378 a7 360 2 30.07
© 81 1119 58.0 358 a4 25 5 30.07
52 129 57.8 374 48 360 10 30,07
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TABLE B-1 (CONTINUED)

MOBILE ATMOSPHERIC RECORDING TOWER WEATHER DATA
33-FOOT (10-METER) HEIGHT

E AMB | RELATIVE | ABSOLUTE WIND STATION
¥ FLIGHT & | TIMEOF{ TYEMP | HUMIDITY | HUMIDITY | pIR VEL PRESS
¥ RUN NO. DAY F) (%) M/ | IDEG) | (MPH} [ (IN.HG)
' 53 0939 551 a8 4.7 20 5 30.00
o 54 0946 55.3 425 4.8 45 4 30.00
o 55 0953 56.6 Mg 49 . 50 5 30.00
= 56 1001 56.1 448 5.2 40 5 30.01
57 1008 | 56.5 45.2 5.3 20 7 30.01
' 5 69 1021 57.2 439 5.3 40 & 3001
7 60 1030 57.4 436 5.3 20 7 30.01
: 61 1037 58.5 9.6 49 20 6 30.0%
: . 62 1047 591 39.7 5.1 %5 7 .01
65 1105 59.6 403 5.2 190 5 29.90
66 115 59.5 a7 48 175 a 29.90
57 1123 50.6 37.6 49 165 a 29.89
69 1140 60.5 368 49 185 2 20.89
2 70 1149 60.5 36.3 49 208 4 29.89
@ 72 1209 609 329 a5 75 3 29.88
~ 73 1218 59.3 a78 49 65 5 29.87
s 74 1226 | 60.4 3538 ag 100 4 29.86
5 75 1243 60.3 33.2 a4 170 4 29 85
R 1302 | 608 30.7 4.2 130 5 29.84
78 1319 61.1 20.4 4.0 145 4 29.84
79 1327 61.2 295 40 140 3 29.84
82 1348 60.3 314 42 156 6 20.84
83 1358 60.1 3.7 47 155 4 29.83
84 1504 61.8 286 40 140 3 2982
5 N 85 1513 61.8 30.6 a3 250 2 29.82
5k 26 1521 61.7 09 43 ' 308 3 29.82
8 2 g 1528 | 61.3 84 5.3 290 a 29.82
w 90 1546 61.8 26.6 37 270 3 29.82
: 91 1553 61.8 26.6 3.7 310 2 20.82
c 92 0857 N/A N/A N/A N/A N/A NiA
) 94 0914 N/A N/A N/A N/A NIA N/A
( 95 0923 | 590 54.2 6.9 ‘185 2 29.99
26 0932 | 59.1 54.3 69 15 2 29.99
@ 97 0940 | 599 535 7.0 130 2 29.99
" ;3 8 0947 60.2 51.8 69 166 2 29.99
- 99 1008 N/A N/A N/A N/A N/A N/A
N 100 1096 | 624 46.4 6.6 226 3 30.00
5 o 1023 62.3 459 6.5 245 a 30.00
. & 10 1030 | 63.3 446 6.6 250 3 30.00
103 1038 63.3 442 6.5 165 2 30.00
104 1046 63.0 448 6.5 265 3 30.00
} 105 1063 631 45.3 6.6 275 3 30.00
106 1102 | 3.2 46.2 68 315 3 30.00
107 115 63.1 46.7 6.7 a5 3 30.00
‘ 108 1157 639 468 70 310 5 30.00
i g 109 1205 | 648 459 7.4 260 6 79.99
: @ 110 1213 64.3 459 70 305 8 29.99
! 3 RLL 1220 | 64.3 459 7.0 280 5 29.99
E T 112 1227 65.2 454 1.7 290 5 29.99
; N/A = NOT AVAILAGLE
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HEIGHT ABOVE GROUND, 100 FT

AIRPLANE MODEL _ DC-9-31

DATA SOURCE ____METEQROLOGY RESEARCH INC,
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AIRPLANE MODEL __DC-9-31 REG. NO. 1154638 Test siTe—YUMA, ARIZONA

DATA SOURCE * METEOROLOGY RESEARCH INC. DATE JANUARY 29, 1975 :’:;::&d\:’lﬁlgnl:'sumlzfrom

20¢
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HEIGHT ABOVE GROUND, 100 FT

£0¢

| 55

AIRPLANE MoDEL _ DC-9-31 REG. No, 94638 TesT site. YUMA, ARIZONA

MEASUREMENT TIMES { PST): Temp/RH __1306 winp 1000 to magnetic North.
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AIRPLANE MODEL DC“9'31 REG. NO. N54638 TEST SITE YUMA, ARIZONA

) Wil:ﬂ dir_actipn is heading from
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AIRPLANE MODEL _DC-9-31 ReG. No. __N54638

DATA SQURCE METEOROLOGY RESEARCH INC.

MEASUREMENT TIMES ( PST): TEMP/RH __]044

TEST SITE

YUMA, ARIZONA
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WIND

JANUARY 29, 1975
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Wind direction is heading from
which wind s blowing referenced

to magnetic North.
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to magnetic North.
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FIGURE B-2.22. SOUND-PATH WEATHER DURING FLYOVER NOISE TESTS (C