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1. SCOPE

ARP876 is intended to provide specific recommended procedures for the prediction of gas turbine jet exhaust system
noise sources. Procedures are issued as separate sections, to allow for future updating as additional methods, consistent
with state-of-the-art, become available.

2. SOURCES OF EXHAUST NOISE

The exhaust system noise of gas turbine engines for aircraft applications can be considered to comprise the following
main sources:

a. Pure jet mixing noisg resulting from a hot core exhaust stream mixing with its surrounding‘ehyironment (which may be
influenced by a bypdss flow)

b. Pure jet mixing noiseé resulting from a cold bypass stream mixing with both the surreunding gnvironment and the core
flow

c. Shock associated ndise, where either or both hot and cold exhaust systems+Comprise a chokgd final nozzle

d. Noise from the corg engine resulting from aerodynamic disturbances upstream of or at tHe final nozzle, including
combustion noise.

e. Aerodynamic noise,| tonal and broadband, resulting fromblade interaction effects in fan| compressor or turbine
systems

All the above sources cambine in varying degrees to produce the overall exhaust noise charactgristics. The relevance of
each source is a funcfion of both engine operating condition and aircraft speed. Becausd of the dependence of
aerodynamic blading nofse on the intimate design( configuration of any given engine, this aspedt is specifically excluded
from subsequent consideration, and every attempt has been made to remove such phenomerja from any engine data
used.

3. NOTES ON USE OHF PREDICTION\PROCEDURES

3.1 Prediction methodp included invthis document are self-contained. To develop an estimate ¢f the total exhaust noise
signature from an pngine-itishecessary to integrate the individual source components.

This is effected by estim -third octave band. This is
usually most conveniently - : errections for atmospheric
conditions and ground reflection effects It is also necessary to mcorporate any estlmated turbo -machinery content (not
covered herein) at the initial stage, in order to obtain a complete spectrum of engine noise. Furthermore, it is advisable
that any assumed modification to the noise by virtue of suppression features or installation effects is made in the
component calculation state.

3.2 Methods contained in this document are expressed in terms of noise levels that would be measured under free field
conditions. Reflective augmentations and cancellations from real surfaces, primarily the ground surface over which
measurements are made, produce peaks and troughs in the observed test spectra, and these have been corrected
out of the experimental data used where they have not been obtained under anechoic conditions.

Spectra and directivity plots in this document must, therefore, be converted to non-free-field conditions to make them
representative of typical measurements “in the field”. SAE AIR1327 provides guidance on such conversion for an
acoustically hard surface (i.e., concrete, tarmac) and advice on how to deal with other typical surfaces (e.g., grassland).
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3.3

Since

The prediction methods provide spectral information derived from measurements taken in the acoustic far field, but
corrected for loss due to atmospheric attenuation and normalized for distance.

practical distances involved in aircraft noise calculations are large, apart from the normal inverse square law

correction, allowance must be made for atmospheric absorption. SAE ARP866A provides a standard method of allowing
for atmospheric absorption under a range of ambient temperature and humidity conditions.

3.4 Prediction methods are directed at producing estimates of noise levels generated during the normal take-off and
approach regimes of aircraft operation. Extrapolation of the methods to higher flight speeds, or use for estimation
other than in the acoustic farfield, is not recommended since experimental evidence in support of such extrapolation
was not available at the time of preparation of this document.

4. SYMBOLS

a, Ambient speed of sound m/s

A Cross-sectignal area of jet exhaust nozzle m’

(with subscripts to define nozzle referred to)

C, Velocity coefficient for relevant discharge nozzle

DI Farfield diregtivity index dB

D Exhaust nozzle diameter (with subscripts) m

EXA (distance from fan face to fan duct exit)/(fan diameter)

f Frequency Hz

g Gravitationa| constant; 9.80665 m/s’

ISA Internationall Standard Atmosphere

L Sound presdure level dB

m(6) Relative Velpcity exponent'used in converting

static mixing|noise to flight conditions

M Jet Mach number V/a,)

M, Aircraft flightvrachmumber(Vqfas)

n Jet velocity exponent

N Rotational speed (with subscripts) rpm

NPR Nozzle pressure ratio (Py/P,)

OAPWL Overall sound power level (re 1 pW) dB

OASPL Overall sound pressure level (re 20 uPa) dB

Sound pressure Pa
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Po
Pisa

Pret

PISA

PWL

Sr

S(f)

SPL

s < < 4

x

Ambient static pressure Pa
Static pressure under ISA, sea level conditions Pa
Acoustic reference sound pressure, 20 uPa Pa
Total pressure Pa
Ambient-total pressure Pa
Total pressure under ISA, sea level conditions PA
One-third octave-band sound power level (re 1 pW) dB
Radial distarluce from sound source (or nozzle exit) m
to observer

Gas constart with value 287.05 J.kg'1K'1 based on the J.kg'1K'
universal gag constant of 8.31432 x 10° J/[K(kg-mol)] and

mass per kilpgram-mole in dry air of 28.9644 kg/(kg-mol)

Strouhal number

Normalized free-field Overall Sound Pressure Level dB
Power level ppectrum shape factor dB
One-third ogtave-band sound pressure level (r& 20 uPa) dB
Static tempdrature K
Ambient stafic temperature K
Total tempefature K
Ambient totgl temperature K
Jet total temperature K
Forward spged-of engine (i.e., airplane) m/s
Fully expanded jet velocity (with subscripts) m/s
Massflow rate kg/s
Number of shocks in supercritical jet

Noise source location downstream of primary nozzle exit m

Jet pressure

ratio parameter

Ratio of specific heats for propulsion medium
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Toref

PisA

P

Subscripts:

m

std

Angle to nozzle axis (with subscript

iinlet, j jet)

Wavelength

Strouhal frequency adjustment factor

Acoustic reference power, 1 pW

Density

Atmospherirenswm&m@w#&kg#&—kgms_
based on atiospheric pressure of 1.01325 x 10° Pa at

an air tempe¢
Fully expang

Angle betwe
direction of s

Angle betwe]

Variable den
mixing noise

intake

jet (general)
ambient
primary jet
secondary jg

mixed jet

rature of 288.15 K)
ed jet density

en direction of aircraft motion and
ound propagation

en airplane flight path and engine thrust axis

sity index used in computing OASPL from jét

—

degrees
(except where
stated)

m

Watt

kg/m3

kg/m®

degreeq

degreeq

standard (e.g., sea level, ISA)

NOTE: The units quoted for the physical quantities are the recommended Systeme Internationale units. Except for the
logarithmic quantities, temperatures and angles, any other consistent system of units may be used since results
are expressed as dimensionless ratios.

5. PREDICTION OF SINGLE STREAM JET MIXING NOISE FROM SHOCK-FREE CIRCULAR NOZZLES

DATE OF COMPILATION

Static Conditions - September 1976

Flight Conditions - November 1978
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5.1 Static Conditions

Definitive model scale experimental work in the 1970s provided a firm data base for the study of mixing noise over a wide
range of jet velocity and temperature conditions. That work showed that jet mixing noise level and spectral character is a
function of the following principal parameters:

a. The velocity differential between that of the jet and its environment

b. The jet density relative to the density of the surrounding air

c. The jet dimensions

It has been concluded that one of the most convenient ways to express jet noise characteristics is to consider first the
normalized overall sounit pressure level (OASPL) as a function of jet velocity (V;) and angle of mpasurement (6; or 6;) and
to then relate the spectriim (on a one-third octave-band basis) to the overall level at any pointiin|the field. This procedure

may be adopted by usirlg Figures 2 through 12. The information in Figures 2 through 12(is" al§o presented in Tables 1
through 11.

The method of calculation is as follows:

Step 1—Calculate the fully expanded mean jet velocity (V;) from a knowledge_ofjet temperature gnd pressure, where:

Vi=C, {[(2YR9 )/ =1 [Ti] [1 ~NPR ”1/2 (Eq. 1)

or, where a knowledge| of temperature and pressure is not-readily available (for example, |from engine test stand
measurements) an alterpative method of calculating V; is frem thrust and mass flow, where:

V; = static gros$._thrust divided by mass flow

Step 2—Using V; obtained from Step 1 and the ambient speed of sound (a,) obtain the variable density index (») from
Figure 2.

Step 3—For any desiredl angle and jetwvelocity use Figure 3 to obtain the normalized free-field overall sound pressure
level (S) where:

(p,-/ Po)m

S £ZOASPL —10logy, {

(Ai/rz)}_zo logyo (Po/P|SA> (Eq. 2)

for the value of V; at any desired angle.

Step 4—Calculate the overall sound pressure level (OASPL) from:
(O]
OASPL =S +101l0gyg (p; /po )" +10l0gyq (Aj/rz) +2010gy0 (Py/Pisa)

Step 5—Calculate the one-third octave-band spectral levels from Figures 5 to 12, using jet velocity (V;), temperature ratio
(Ti/T,), nozzle diameter (D;) and the angle (6;) as follows:

Determine the Strouhal frequency adjustment factor & from Figure 4 and then calculate (fD;/&V;) for each one-third octave-
band centre frequency. Enter Figures 5 to 12 with the values of (fDj/£V)), and values of (T/T,) at the values of log+o (Vi/ao)
and 0; to determine values of one-third octave-band relative sound pressure level (SPL - OASPL).
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For values other than those specified in Figures 4 to 12, linear interpolation on angles (6;), and on the values for log4o

(fDY&V), logro (Via,) and

(Ti/T,) is recommended.

Step 6—From the values of OASPL and one-third octave-band relative sound pressure level (SPL - OASPL) as derived in
steps 4 and 5, respectively, calculate values of one-third octave-band SPL.

These values represent the free-field jet noise spectrum at position (r, 6;) in a loss free atmosphere.

NOTE 1: The spectra of Figures 4 to 12 satisfy the following condition:

=0

33
|Og10 21 00.1(SPLi —OASPL)

i=1

(Eqa. 3)

over the range of one-thi

rd octave-band frequencies defined by:

~1.6 <logy, (fD; /&V;)<1.6

NOTE 2: Accuracy of Prediction

The accuracy of predicti

bn of OASPL at (r, 6,) relative to the model data on which it is based vari

jet velocities to +4 dB at very high jet velocities. The accuracy of prediction of one-third octav
ncies near the peak of the jet-noise spectrum;However, these limits apply to the extreme cases.

between +1 dB at frequg
For all normal purposes,

5.2  Flight Condition

Forward speed has the

the majority of predictions will be accurate:within +3 dB at all frequencieg.

effect of reducing the shear between the jet and its environment. Worl

conflicting evidence on the change in jet mixing noise'in going from static to flight conditions.

testing has, in general,
aircraft. The differences
installation induced. The
general, the results of a
some aircraft flight tests.

The method relies upon

For a jet of given velocit
V,, the method of calculg

roduced a greater reductionin level than tests carried out on ground b3

may be associated with”contamination by other sources, both en
method herein is based.upon data obtained on a ground based engine fl
pplying the prediction ‘'method fall between the extremes represented b

A modification-of the static sound pressure levels obtained in 5.1.

y V; (Corresponding to a given nozzle pressure ratio and temperature),
tioniis'as follows:

(Ea. 4)

es between +2 dB at low
e (SPL - OASPL) varies

in the 1970s produced
Model scale wind tunnel
sed engine facilities and
pjine based and aircraft
ight simulation facility. In
y some model tests and

moving at a flight speed

Step 1—Calculate the free field static overall sound pressure levels (OASPL) as a function of angle to inlet axis, as
outlined in steps 1 to 4 of 5.1, corresponding to the exhaust conditions.

Step 2—Calculate the OASPL in flight at any desired angle 6; (20 degrees < 6; < 160 degrees):

where:

[OASPL (6,

>]ﬂight - [OASPL<9i )Ltaﬁc - AOASPL(ei )

\J

m(6;)
=y ] (1-M, cos ¢)

AOASPL (6;) =10 log

a

(Ea. 9)
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with:

m(6;) = relative velocity exponent m(6;), a function of angle 6; between the engine inlet axis and the line connecting
an aircraft reference point and the observer location, shown in sketch, is given in Figure 13 and Table 12

M, = V./a, = aircraft flight Mach number or ratio of airspeed V, to speed of sound a, at the ambient temperature of the
surrounding medium

¢ = angle between direction of aircraft motion and direction of sound propagation (see Figure 1)

\ = fully expanded jet velocity, corresponding to a given pressure ratio and total temperature of the jet and
being the same in static and in flight (see Equation 1)

f1qght path

aircraft reference point*

flight track

observer J//'

FIGURE 1

NOTE: For consistency |with the-prediction procedure under static conditions, the aircraft reference point * should be the
center of the nozzle exit. For practical applications (aircraft noise predictions) alternatiye reference points may
have to be sele¢ted(e.g., center of the engine nacelle, or centroid of the nozzle exits for airplanes powered by
more than one ehgihe—otc)

Step 3—Calculate the one-third octave-band sound pressure levels in flight for any desired angle 6;, following steps 5
and 6 of 5.1, with the exception that now the OASPL is the value in flight as derived in step 2 of this section and that the
Strouhal number:

(ij /gvj) (Eq. 6)
has to be replaced by one based on relative jet velocity (V; - V,), that is:

[ij 1E(V; —Va) (Eq. 7)
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The value of £ is still obtained from Figure 4 for the corresponding value of the jet velocity V.
NOTE: Accuracy of Prediction

The accuracy of AOASPL(6,) prediction, as calculated in step 2 for any angle 6;, is a function of velocity ratio, and may be
obtained from the following formula:

+5[AOASPL (6, )] = [5m (6, )] x {10 10g10]V; /(V; —Va)

} (Eq. 8)

dm(0;) being the uncertainty in m(;).

In the present prediction procedure, the range of uncertainty of the exponent m(6;) with respect to aircraft flight test data is
estimated not to exceeq—+tunit{seetigure—t—Thiscomment—doesnot—apptyto—wind—tunrmel model data where the
exponent m(6;) is alwaysg greater than +1 unit over the angular range 60 degrees < 6; < 130 degrges, and by as much as 0
to 5 units.

5.3 References
For the derivation and sybstantiation of the static prediction method, references may be made to {he following documents:
5.3.1 Boeing Documept No. D6 - 42929 - 1, Empirical Jet Noise Predictions for Single and Dyal Flow Jets and without

Suppressor NoZzzles Volume 1. Single flow Subsonic and Supeérsonic Jets. C. L. Jagck, S. J. Cowan, R. P.

Gerend.

5.3.2 SNECMA Document YKA No. 5898/76, Comparaison des spectres 1/3 d’octave de pruit de jet mesurés en
chambre sourde|A 17 du CEPr aux diverses propositions de révision de 'ARP876 de la JAE.

5.3.3 SNECMA Document YKA No. 5317/75, Révision de‘la méthode de prévision du bruit des|jets (SAE ARP876).
5.3.4 For a description of the facility on which much of the basic data used herein were acquired, reference may be
made to the AIAA Paper No. 76-534, July 1976, entitled, “Use of the Bertin Aerotrain for {he Investigation of Flight
Effects on Aircraft Engine Exhaust Naise,” by R. G. Hoch and M. Berthelot.
5.4 Parties Contributing to Formulation‘of’Section 5

Department of Transporfation, USA

Douglas Aircraft Company, USA

General Electric Company.-JSA

Hamilton Standard, USA

Lockheed California Company, USA

Lockheed Georgia Company, USA

National Aeronautics and Space Administration, USA
National Gas Turbine Establishment, United Kingdom

Pratt & Whitney Aircraft Company, USA
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FIGURE 7 - ONE-THIRD OCTAVE-BAND NORMALIZED SPECTRA 6,
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& [AOASPL(8,)], dB

10 Tog,, [V,/(V; = V)]

FIGURE 14 - BSTIMATED RANGE OF UNCERTAINTY ASSOCIATED WITH CALCULATED VALUES
OF A OASPL (6,) FOR VARIOUS JET VELOCITY RATIOS AND UNCERTAINTY]IN M(6))
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TABLE 1 - VARIABLE DENSITY INDEX «

(REFERENCE FIGURE 2)

logio (Vi/ao) )
-0.4 -0.90
-0.35 -0.76
-0.3 -0.58
-0.25 -0.41
-0.20 -0.22
-0.15 0.0
-0.10 +0.22
-0.05 +0.50
0.0 +0.77
+0.05 +1.07
+0.10 +1.39
+0.15 +1.74
+0.20 +1.95
+0.25 +2.0
+0.30 +2.0
+0.35 +2.0
+0.40 +2.0

NOTE: The values of o in this table have been

derived from rig data where jet
temperature T; varied from288 to 1100 K.
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TABLE 2 - PURE JET MIXING NOISE
NORMALIZED POLAR OASPL (DB) VALUES (REFERENCE FIGURE 3)
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TABLE 3 - ADJUSTMENT FACTOR FOR NORMALIZED FREQUENCY

Values of & (see Figure 4)
(Vifa,) 0;<120 degrees 130 degrees 135 degrees 140 degrees 150 degrees 160 degrees

1.4 1.0 1.0 1.0 1.0 1.0 1.0
1.5 1.0 1.0 1.0 1.0 1.0 0.995
1.6 1.0 1.0 1.0 1.0 1.0 0.885
1.7 1.0 1.0 1.0 1.0 0.965 0.76
1.8 1.0 1.0 1.0 0.99 0.87 0.66
1.9 1.0 1.0 1.0 0.95 0.775 0.59
2.0 1.0 1.0 0.981 0.90 0.71 0.54
2.1 1.0 1.0 0.955 0.86 0.66 0.5
2.2 1.0 1.0 0.920 0.83 0.63 0.47
2.3 1.0 0.985 0.895 0.81 0.61 0.445
2.4 T.0 0.970 U.88 0.795 U.595 0.43
25 1.0 0.955 0.87 0.79 0.59 0.420

For (Vi/a,) < 1.4, £ = 1.0 for all angles
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TABLE 4 - GAS TURBINE JET EXHAUST NOISE PREDICTION
6, ANGLE TO INTAKE < 90 DEGREES

log1o (fD/EV)

One-Third Octave-Band Sound Pressure Level

(SPL-OASPL) dB

-1.60 3295  -30.09  -30.12  -30.33  -30.23
-1.50 3075  -27.91 2788  -28.15  -28.04
-1.40 2853  -25.83  -25.71 2595  -25.81
-1.30 2635  -23.79 2362 2383  -23.63
-1.20 -24.31 2177 2166  -21.85 2157
-1.10 2204  -19.85  -1980  -19.73  -19.41
-1.00 -19.65  -18.09  -18.02  -1753  -17.23
-0.90 1795  -16.64  -16.39  -1573  -1547
.80 1650 1524 -14.86 1419 __-]14.00
.70 1516  -13.80  -1343  -12.94 A(O]2.84
-0.60 1413 1257 -1240  -11.91 11.81
-0.50 13.05 1179  -1152 11230 -11.23
-0.40 1226 -11.30  -11.03 4003  -10.83
-0.30 11.84  -10.99  -10.62 , 1093  -10.83
-0.20 1142  -11.00  -10.88 - -11.07  -10.84
-0.10 4135 <1112 1140V 1124 -11.13

.0 1135  -11.40  -1142  -1153  -11.63
.10 11.46  -11.84 4494 1204  -12.20
.20 1178 -12.44 1260 1271 12.86
.30 1224 1316 <0 -13.37 13,51 13.62
.40 1279 -13.96)  -14.23 1440  -14.49
.50 1339 1499  -1514 1536  -15.46
.60 14.08  -{5.68  -16.13  -1640  -16.62
.70 14.90  “16.63  -17.20  -1755  -17.93
.80 -15.81 1764  -1833  -1875  -19.33
.90 160" -18.70  -19.51 19.99  -20.75
.00 1785  -19.80  -2072 2123  -$2.13
10 48.94  -2095  -21.96  -2248  -23.45
20 2010  -2213 2324 2374  -b4.78
30 2132 2336  -2455 2503  -26.12
40 2260  -2463  -25.91 26.34  -P7.45
50 2394 2595 2729 2768  -P8.79
60 2535  -27.31 2872  -2903  -$0.13

(T/Td) 1.00 2.00 2.50 3.00 3.50

log 1o |(Vifa,) <0.400 __ <0.400 <0400 <0400 __ <0.400
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TABLE 5 - GAS TURBINE JET EXHAUST NOISE PREDICTION
0, ANGLE TO INTAKE = 100 DEGREES

log1o (fD/EV)

One-Third Octave-Band Sound Pressure Level

(SPL-OASPL) dB

-1.60 33.07 3177 3112  -31.11 -30.96
-1.50 -30.81 2934  -2867  -2879  -28.66
-1.40 2856  -26.95  -26.34 2650  -26.33
-1.30 2637 2467  -2412  -24.31 -24.06
-1.20 2432 2266  -22.09  -22.31 -21.95
-1.10 2213  -2017  -2013  -2025  -19.65
-1.00 19.87 1747  -1822  -1810  -17.26
-0.90 18.06  -16.26  -1647  -16.04  -15.44
.80 1653 1513 -14.83  -14.21 33.91
.70 1528 1358  -1333  -12.82 A (O267
-0.60 1415 1245 1220  -11.69%y" -11.85
-0.50 1337 1147 1142  -10.9% 11.26
-0.40 1239 -10.78  -10.82 <101 -10.87
-0.30 1167  -1057  -10.72 , ©10.61 -10.66
-0.20 4127 1058  -10.73,-< -1076  -10.81
-0.10 4127 -1092  -109nV 1116  -J1.11

.0 4127 1147 1142 1171 11.56
.10 11.40  -12.09 4499 1233 -12.15
.20 4174 -12.82 1270 1304  -12.86
.30 1223  -13.63 01352 1382  -1367
.40 12.80  -14.49\  -14.41 14.68  -14.59
.50 1342  -1588  -1533  -1563  -15.61
.60 1412  -{6.32 1632  -1668  -16.78
.70 14.93 730 1737 -17.83  -18.07
.80 1584 -18.33  -1848  -19.03  -19.43
.90 1683  -19.39  -19.63 2027  -20.81
.00 1787  -2048  -20.82  -21.51 $2.16
10 48.97 2159 2204 2275  -23.48
20 2013  -22.73  -23.30 2402  -b4.81
30 2135  -23.90  -2460  -25.31 26.14
40 2263  -2510  -2593  -26.62  -27.48
50 2397  -26.33  -27.31 2795  -$8.82
60 2537 2758  -2872  -29.31 -80.16

(T/Td) 1.00 2.00 2.50 3.00 3.50

log 1o |(Vifa,) <0.400 __ <0.400 <0400 <0400 __ <0.400
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TABLE 6 - GAS TURBINE JET EXHAUST NOISE PREDICTION
0, ANGLE TO INTAKE = 110 DEGREES

log1o (fD/EV)

One-Third Octave-Band Sound Pressure Level

(SPL-OASPL) dB

-1.60 3457  -32.82  -3212  -32.30  -32.03
-1.50 3212  -3026  -2955  -30.12  -29.36
-1.40 2969  -27.74  -27.08  -28.14  -26.64
-1.30 2727 2532 2472 2600  -24.03
-1.20 2487  -2310  -2258  -2343  -21.69
-1.10 2240  -2093  -20.41 2073 -19.26
-1.00 -19.97  -18.82  -1822  -1810  -16.83
-0.90 1818  -16.93  -16.26  -16.04  -15.17
.80 657 1524 1454  -14.31 }3.82
-0.70 14.98  -13.84  -1314  -12.81 12.64
-0.60 1375  -12.60  -12.10  -11.7095" -11.52
-0.50 1267 1153 1122  -11.05) -11.03
-0.40 12.08  -10.93  -1063 4070  -10.64
-0.30 1157  -10.63  -1052 , €10.50  -10.53
-0.20 1145 1054  -10.67 - -1052  -10.69
-0.10 1139  -10.83  -10.92% -1098  -11.02

.0 4137 1133 1132 1170  -]153
.10 4150  -11.90 49  -1240  -12.24
.20 11.83 1256 51279  -13.16  -13.12
.30 1232 1332 201373 1399 -4.11
.40 12.90 1415\ 1474  -14.91 15.18
.50 -13.51 1505  -1576  -1595  -16.29
.60 14.21 -16.04  -16.81 1714 -17.48
.70 15.03 1713  -17.93  -1844  -1876
.80 1594 % -1826  -19.08  -19.81 -20.08
.90 1603 -19.41 2025  -21.18  -p1.42
.00 4797  -2054 2142 2250  -p273
10 49.06  -21.65  -2259 2377  -24.02
20 2022  -22.78 2377 2503  -$5.32
30 2144  -23.91 2497 2629  -26.62
40 2272 2504  -2617 2753  -27.92
50 2406  -26.19  -27.39 2877  -29.22
60 2547  -27.34 2862  -30.00  -$0.53

(T/Td) 1.00 2.00 2.50 3.00 3.50

log 1o |(Vifa,) <0.400 __ <0.400 <0400 <0400 __ <0.400
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TABLE 7 - GAS TURBINE JET EXHAUST NOISE PREDICTION
0, ANGLE TO INTAKE = 120 DEGREES

log1o (fD/EV)

One-Third Octave-Band Sound Pressure Level

(SPL-OASPL) dB

-1.60 36.37  -33.75  -33.11 3250  -32.27
-1.50 -33.31 31.00  -30.17  -29.66  -29.32
-1.40 3018 -2825 2725 2697  -26.44
-1.30 2727 25685  -24.51 2450  -23.66
-1.20 2482 2335 2216 = 2252  -21.11
-1.10 2249 2113 1975  -20.30  -18.56
-1.00 2027  -18.95  -17.31 17.80  -16.06
-0.90 1850  -16.88  -15.31 1563  -13.99
.80 16.87  -15.06  -13.63 1382 _-]2.31
.70 1529  -13.66  -12.32  -12.51 1.17
-0.60 14.05 1243 1129  -11.280y" -10.45
-0.50 13.07  -11.35  -10.61 10.660"  -10.06
-0.40 1228  -10.76  -10.31 40030 19.97
-0.30 4177 -1046  -10.31 030  -10.17
-0.20 1153 1037  -1047,- 1046  -10.71
0.10 1135  -10.65  -10.98“ -10.88  -11.40
.0 4127 1116 1171 1150  -12.27
.10 1139 1179 4256  -1229  -13.38
.20 11.71 1255 1354 1323  -14.67
.30 1247 -13.42 2501461 1430  -16.06
.40 1272 1438\ 1574 1546  -17.49
.50 -13.31 1541 16.87  -16.69  -18.89
.60 -14.01 {855  -18.03  -18.04  -20.29
.70 14.82 779 1924 1950 2172
.80 4574 -19.08  -2048 2102  -23.17
.90 4673 -2039 2174 2256 -24.62
.00 4777  -21.67  -2300 2410  -26.07
10 48.87  -22.94 2428 2563  -7.51
20 20.02  -24.21 2558 2717  -28.96
30 2124 2549  -26.88  -2873  -30.41
40 2252 2678 -28.21 -30.31 -$1.86
50 2387  -28.08  -2955  -31.90  -$3.31
60 2527  -2938  -30.90  -3350  -$4.77
(T/Td) 1.00 2.00 2.50 3.00 3.50
log 1o |(Vifa,) <0.400 __ <0.400 <0400 <0400 __ <0.400



https://saenorm.com/api/?name=256edc07cc438f0f19dcbd2471325e6f

SAE INTERNATIONAL ARP876™F 41 OF 103
TABLE 8 - GAS TURBINE JET EXHAUST NOISE PREDICTION
0, ANGLE TO INTAKE = 130 DEGREES
One-Third Octave-Band Sound Pressure Level

log4o (fD/EV)) (SPL-OASPL) dB
-1.60 -35.40 -34.33 -33.16 -32.65 -32.67 -32.69 -32.70 -33.44 -33.44 -33.45
-1.50 -32.25 -31.23 -2991 -29.53 -29.55 -29.57 -2958 -30.18 -30.18 -30.19
-1.40 -29.26 -28.17 -26.69 -26.54 -26.55 -26.57 -26.59 -26.93 -26.93 -26.94
-1.30 -26.50 -25.23 -23.66 -23.65 -23.67 -23.69 -23.70 -23.74 -23.74 -23.75
-1.20 2417 -2251 -21.01 -21.04 -21.05 -21.08 -21.09 -20.69 -20.69 -20.70
-1.10 -22.02 -19.97 -1851 -18.01 -18.02 -18.04 -18.06 -17.45 -1745 -17.46
-1.00 -20.00 -1763 -16.16 -14.65 -1466 -1469 -14.70 -14.14 -1414 -14.15
-0.90 -18.24 -1560 -14.14 -11.87 -11.88 -1190 -12.58 -11.37 -11.37 -11.50
-0.80 16.60 -13.82 -12.35 -10.05 -10.06 -10.08 -11.15 -9.51 -9.51 -9.70
-0.70 15.01 -12.34 -10.87 936 -9.37 939 -9.71 -844) | -8.74 -8.75
-0.60 13.77 -11.21 -10.15 915 -9.16 919 -8.70 864 | -8.64 -8.65
-0.50 12.50 -10.43 -9.76 925 927 -929 -9.00 9.04 | -9.06 -8.95
-0.40 11.61 -10.14 -9.85 994 -9.95 997 -9.78 '0-10.21 [-10.21 -10.23
-0.30 10.99 -10.14 -10.17 -10.87 -10.88 -10.90 -10.91" -11.45 |-11.45 -11.46
-0.20 10.80 -10.21 -10.84 -1192 -1193 -11.95 -141.97 -12.64 |-12.64 -12.65
-0.10 10.84 -10.70 -11.73 -13.25 -13.26 -13.237)13.29 -14.15 |-14.15 -14.16
0.0 11.00 -11.44 -1276 -1466 -14.67 -1469" -14.70 -15.74 |-15.74 -15.75
0.10 11.35 -12.40 -13.89 -16.08 -16.08 -16.08 -16.02 -17.30 |-17.31 -17.25
0.20 1191 -1354 -1506 -1754 -1750 4745 -17.20 -18.87 |-18.88 -18.68
0.30 12.61 -14.80 -16.27 -19.01 -18.92<,-18.80 -18.31 -20.44 |-20.45 -20.06
0.40 13.38 -16.13 -17.50 -20.50 -20.36 -20.15 -19.41 -22.02 |-22.03 -21.45
0.50 1418 -17.46 -18.75 -22.00 -2%80 -21.50 -20.58 -23.61 |-23.60 -22.89
0.60 15.02 -18.83 -20.04 -23.51.-23.26 -22.85 -21.79 -25.19 |-25.17 -24.37
0.70 15.93 -20.27 -21.36 -25.03-7-24.73 -24.19 -23.01 -26.77 |-26.73 -25.86
0.80 16.89 -21.73 -22.69 -26.56 -26.21 -25.53 -24.24 -28.35 |-28.30 -27.36
0.90 17.92 -23.21 -24.03 (-28.11 -27.69 -26.86 -2547 -29.94 |-29.87 -28.86
1.00 19.00 -24.66 -25.36- -29.66 -29.17 -28.19 -26.71 -31.54 |-31.44 -30.35
1.10 20.12 -26.09 -26.6% -31.22 -30.66 -29.53 -27.95 -33.15 [-33.02 -31.83
1.20 21.30 -27.53 2797 -32.79 -32.16 -30.87 -29.19 -34.76 |-34.60 -33.31
1.30 2252 -28.96 \-29.27 -34.37 -33.66 -32.20 -30.44 -36.38 [-36.19 -34.78
1.40 23.80 -30.39\~-30.57 -35.96 -35.16 -33.53 -31.69 -37.99 [-37.77 -36.24
1.50 2512 -3383 -31.86 -37.55 -36.67 -34.87 -32.95 -39.61 [-39.36 -37.70
1.60 26.50 +83.26 -33.15 -39.16 -38.18 -36.20 -34.21 -41.24 |-40.95 -39.16

(TiTo) 1.00 2.00 2.50 3.00 3.00 3.00 3.00 3.50 3.50 3.50

log1o (Vi/ao) 40400 <0.400 <0.400 <0.125 0.150 0.175 0.200 <0.150 | 0.175 0.200
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TABLE 9B - GAS TURBINE JET EXHAUST NOISE PREDICTION
0, ANGLE TO INTAKE = 140 DEGREES

log1o (fD/EV)

One-Third Octave-Band Sound Pressure Level

(SPL-OASPL) dB

-1.60 3216  -32.14  -31.97 3189  -31.75
-1.50 -28.71 28.69  -2852  -2844  -28.30
-1.40 -25.31 2529  -2512  -2504  -24.90
-1.30 2206  -22.04  -21.87 2179  -21.65
-1.20 1913 -19.11 -18.94  -18.86  -18.72
-1.10 16.03  -16.02  -1585  -1577  -1563
-1.00 12.86  -12.84 1277 1269  -12.65
-0.90 10.32  -10.34  -10.68  -1075  -11.08
.80 867 877 9.8 969 027
-0.70 -8.06 -8.24 -8.57 -9.29 9.85
-0.60 -8.16 -8.24 -8.37 -8.58 19.13
-0.50 -8.76 -8.64 -8.57 -8.59 8.45
-0.40 10.82  -10.70  -10.03 9196 19.82
.30 12.88  -12.66  -12.39 , ©11.61 14117
-0.20 14.67 1455  -1418 - 1339  -12.81
-0.10 -16.61 16.43  -1599\) -1516  -14.39

.0 1856  -18.35  -17:78  -16.89  -15.95
.10 2047  -2027 956  -1864  -17.54
.20 2237 2219 2133 2039  -19.12
.30 2427 2412 “{V 2310 2213 -20.72
.40 2618  -26.05\ -24.88  -23.86  -22.32
.50 -28.11 2799 2670 2559  -£3.92
.60 -30.07 2994  -2856  -27.30  -P5.54
.70 32.04  “31.90  -3044  -2899  -27.17
.80 3403 -33.86  -32.34  -30.67  -28.81
.90 36000 -35.81 3422  -3237  -30.44
.00 3796  -37.75  -36.09  -3410  -$2.06
10 89.90  -39.67  -37.93  -3584  -$3.67
20 4183  -4158  -3976  -37.60  -$5.27
30 4375  -4349  -4158  -39.36  -$6.88
40 4566  -4539  -4340 4113  -$8.48
50 4757 4727  -4520  -42.91 -40.07
60 49.46  -4915  -46.99  -4470  -41.66

(T/Td) 3.50 3.50 3.50 3.50 3.50

log 1o |(Vifa,) <0.100 0.125 0.150 0.175 ).200
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TABLE 11B - GAS TURBINE JET EXHAUST NOISE PREDICTION

0, ANGLE TO INTAKE = 160 DEGREES
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TABLE 12A - RELATIVE VELOCITY EXPONENT M(6,)V

0; degrees m(6;)
20
30
40
50
60
70
80
90

100
110
120
130

co~
N o=

NPW=2200 0O
ONjpwor»

TABLE 12B - RELATIVE VELOCITY EXPONENT M(6))

m(6h)
0, degreep™~~ Vja, 1.10 1.18 1.33 1.47 1.62 1.77 1.95
140 10.2 9.8 9.1 8.5 7.8 7.2 6.3
150 104 9.8 8.7 7.6 6.5 54 4.0
160 10.5 9.5 7.9 6.3 4.7 3.1 1.0

6. PREDICTION OF [SINGLE STREAM SHOCK-ASSOCIATED NOISE FROM CONVERGENT NOZZLES AT
SUPERCRITICAL CONDITIONS

DATE OF COMPILATION: March 1980
6.1  Static Conditions

An incorrectly expanded supérsonic jet contains shock waves which interact with jet turbulencg to produce a source of
noise in addition to that due-to the turbulent mixing process. While shock-associated noise may bg reduced by attention to
nozzle design, this sourée-sfneise-isalwayspresent-with-a-cireularcenvergentnozzle—Alliedtelthe theoretical approach
of 6.3.1, definitive model and full scale experimental work (6.3.2 and 6.3.3) have provided the following procedure for
estimating the broadband shock-associated noise content. Taken together with the mixing noise prediction procedure of
Section 5, this enables the prediction of total noise from the shock-containing under-expanded jet to be executed. The
method provides for the estimation of the one-third octave band sound pressure levels, which may be combined with the
sound pressure levels obtained from Section 5 by adding the squared sound pressures.

NOTE: A comparison of broadband shock-associated noise prediction methods, including the method presented here, is
provided in 6.3.4. Users are encouraged to consult this reference for additional guidance material.

Shock waves in a choked jet are responsible for a source of broadband noise which is a function of nozzle pressure ratio
and nozzle diameter. The method of estimation relies upon the derivation of the one-third octave band sound pressure
level at any angle from the inlet axis 6; and frequency f from the formula:
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x—1 2 x—(i+1)
SPL(r,0;,f)=10log,, 1+[4/(xb)]2{[01(c)] > [1/(cas)]
i=1 s=0
x [cos (o0 )] [sin (bogys /2)] }) (Eq. 9)

where:

NOTE 2:

+10log,q [(Dj/r)2 ﬁy]+1o log,o (bG) + Hy () +148.8

G =[1.71/(V; /80 )| (1-0.08 {5 +[(i +1)/2]}) (1+[0.7 (v /a, ) cos®

—_

ble 13

NOTE 1: Symbols in Sefction 4 apply and:
Ho(c) = group source strength spectrum, dB master spectra given in Figure 15and Tz
Ci(c) = corrdlation coefficient spectrum, master spectra given in Figure 15*and Table
X = number of shocks (assumed to be 8)
b = 0.2316 (for one-third octave-band proportional bandwidth)
S = shock index
c = dimegnsionless frequency parameter = 2xfl/a;
B = nozzle pressure ratio parameter = (M;*~1)"?
y = exponent of nozzle pressure ratio parameter f3
I = 1.1 4 D;, meters
M; = fully-expanded jet Mach number
Equation 9 requires two master spectra as input for the prediction. These two master s
are presented|in Figure*15 and the values are also tabulated for convenience in Tablg
can be used for heated as well as unheated jet conditions. The Hy(c) spectrum shown
heated jets only~A heated jet is defined here as a jet having total temperature raf
prediction at unheated condiions, the Ho(c) Spectrum presenied here should be reduc

NOTE 3:

values of c.

spectra, Ho(o) and C4(o),
13. The C4(c) spectrum
here should be used for
jo greater than 1.1. For
ed in level by 2 dB at all

Moreover, for the heated and unheated cases, the exponent y of the nozzle pressure ratio parameter 3 takes

the following v

alues:

B < 1.0, heated and unheated jets: y = 4

B>1.0, heated jet: y = 2

B> 1.0, unhea

ted jet: y =1
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6.1.1  Overall Sound Pressure Level Prediction

It is recommended that the wideband or overall sound pressure levels for shock-associated noise should be predicted
strictly by adding the squared pressures from individual one-third octave SPLs. However, an approximate prediction of
OASPL can also be obtained by using the following empirical relationships (which are independent of angle 6;):

a. Heated jet, p<1.0:
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FIGURE 15 - MASTER SPECTRA FOR SHOCK-ASSOCIATED NOISE PREDICTION
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TABLE 13 - MASTER SPECTRA Hgp(c) AND C4(o)

o = 2xfl/a, Ho(c), dB Ci(o)
0.2 -33.2 0.70
0.3 -27.6 0.71
0.4 -23.7 0.71
0.7 -16.1 0.72
1.0 -11.5 0.73
1.5 -6.5 0.74
20 -3.5 0.74
3.0 -0.7 0.71
3.5 -0.1 0.69
4.0 0.0 0.67
4.5 -0.1 0.64
5.0 -0.4 0.62
6.0 -1.3 0.58
7.0 -2.5 0.54
8.0 -3.5 0.50
10.0 -5.5 0.45
20.0 -11.8 0.28
40.0 -18.7 0412
68.0 -23.8 0.02
70.0 -24.0 0.02
b. Heated jet, B > 1.0:
c. Unheated jet, p < 1.G:
d. Unheated jet, > 1.0:
6.1.2 Angular Range q¢f Application
For unheated jets the method 1S accurate for o; < 130 Jegrees. For farger angtes detaited analysis indicates that some

over-prediction may occur. However, at those angles the shock-cell noise contribution is small and prediction may be
based on the mixing noise contribution alone.

For heated jets (total temperature ratios greater than approximately 1.1) the present prediction method can be applied for
all 6; < 150 degrees. The over prediction mentioned above is unimportant (and uncheckable) for the majority of rear arc
angles due to the complete dominance of the contribution of jet-mixing noise.

6.2 Flight Conditions

It is widely accepted that the effect of forward speed on a source (such as the shock-cell component), which is effectively
moving at the same speed as the aircraft, is affected by a 4th-power Doppler amplification factor.
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To translate the spectrum levels or overall sound pressure level obtained in 6.1 to flight conditions, a 4th-power
amplification factor should be applied as follows:

SPLiight) = SPLstatic) — 40 10940 (1— M, cos ¢)

number

angle to engine intake axis, or (180 - ¢;) where intake and jet axes are dissimilar

(Eq. 14)

n airplane flight path and engine thrust axis

M. and Fisher, M. J., The Noise from Shock Waves in Supérsonic Jets. A
1973.

n Experimental Study of Jet Noise, Part 1l: Shock Associated Noise

Vibration, Vol. 50, No. 3, 1977.

ck-Associated Noise) of Technical Report ;AFAPL-TR-78-85. (The Ge

Prediction of Supersonic Jet Noise - Vol. |.) Prepared by-litockheed-Georgia Company, O

where:

M, = aircraft Mach

¢ = 6i-y

0 =

y = angle betwee
6.3 References
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131, September
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6.3.4 Dahl, M. D., Pr¢g

Field Data, NAS

6.4 Parties Contributin
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7. PREDICTION OF SUBSONIC COAXIAL JET MIXING NOISE

DATE OF COMPILATION: June 1989

The procedure of this section predicts the free-field one-third octave-band sound pressure levels of coaxial subsonic jets
for turbofan engines or models under the following conditions:

a.

Flyover (observer on ground)

b. Static (observer on ground)

C.

In-flight or in-flow (observer on airplane or in a wind tunnel)
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7.1 Scope

This jet noise prediction procedure was developed for nozzle area ratio, gas conditions, and aircraft Mach numbers in the
following ranges of primary and secondary jet ratios:

15<AJA, <35
2.0 < W/W, <6.5
0.6 < VgV, < 0.95

0.4<Vya,<1.0

0.35<T,/T,<0.5
M, <0.3

The method assumes th
own frequency range. H

at the jet mixing process can be subdivided into three noise producing|regions, each having its
bwever, all three components have to be added to obtain a’prediction of total jet noise level in a

specified frequency range. For best accuracy, the frequency range should corfespond to a mixed-jet Strouhal number

range of:

where:

The formulae in Tables
locations outside the sp

0.1<S, <40

S; =D/ (Vi —Va)

(Eq. 15)

14, 15, and 16 cover an-angular range1 from 60 to 160 degrees (m/3 to 8n/9 radians). For
ecified angular range, the-limiting angles of n/3 of 87/9 radians are uded in the formulae. The

source location procedure in 7.6.3 gives the cofrect sound propagation distance for any location gf the receiver.

The coaxial jet noise prg
therefore, does not requi

TABLE 14 - JET NOISE COMPONENT FORMULAS

diction method was formulated for the general case of a coaxial jet in parallel ambient flow, and,
re correction foradditional “static-to-flight” effects.

Parameter h .
Definition Ptimary Component Secondary Component Mixed Jomponent
Component 2
173 0.B. SPL ((z1)log (FV) +(22)|[log S - (23) log (FV ) — (24)|" +(25) log (FV) + (26)
Source 0.6 0.4 n n, 1-n Ny 1N,
Strength M, [DYPS | (Vo Vs |7V Ve | Ve Val| Ve tVal| Voo Va | [V Ve
Function (FV) Pl &, a, v, a, a, a, a,
\E/elocity - 150, <2.2 0.5+0.16 v "2 0.2
xponent (n 2 —n 0.6 + : ex
1.5.exp|-10 (0, — 2270, > 2.2 {ao] 02+s, °°
s 2
-0.3|6,, + —2——-2.7
™ 1s, ]
Strouhal fD, /(DVPS) D, /(Vs =V,) D, /V, —V,)
Number (S) p/ m/ S a m/ m a

"NOTE: Throughout Section 7 angles referred to are in radians, not degrees.
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TABLE 14 - JET NOISE COMPONENT FORMULAS (CONTINUED)

?é:g?t?;ir Primary Component Secondary Component Mixed Component
Coefficients 2 2 2
2 _18[(1,3%/“)_0_6} —18[(1 .895/75)—0.6] -30 {(1.89m/n)—0.6]
2 3 _
22) ~18-18|(1.80,/) - 0.6| —~14-8](1.80,/7) - 0.6| 94 V"aovs ]—38 [(1.80,/7) 0.6
+300.6—log |1+ 2 %—0.6]
T[
0 -0.7 2
23) 1-0.4(1.80,,/x) - 0.6|
z4) —01-075/Ye=Vs Va 0.6-0.5](1 .895/75)70.6}2 04405/ &pf 4.59m/n)74]2
A N v A
X[(1_89p/n)70_6r +0.5/0.6 —log 1+E +°'2f‘0'7;“°'2 log 1+A—p
08106 _log|11 A  0.05 (XBPR) exp {*5(% 72.4)2}
A
25) 50-+ 20 exp| {0, 72'6)21 51+ 540 /1 341 B10,/n
~9[(1.80,/x) 0.6}, ~20[(1.8¢,,/x) - 0.6
(26) %4+ 46 exp (6, _2_5)2] 99 4360 /7 108+37.80,, /7 +§Vpy (V, Vs ) /a2
4
~15/(1.803/7) - 0.6] —exp|-5(0, ~18) l
26/0.6 —log 1+%p L5V (Vp —VS)/ag v
> AL 170.4—p(xp(70.7|8m70.8|)]
exp|5 (ep —2.3) +(DSPL) +(EX)
2
+ (DSPL) + (EX) lexp(8(6,, 12.4)
+0.8 (XBPR) exp (P, —2.3 -V, /a,)
+ (DSPL)+ (EX)

NOTE:  DVPS= | v

XBPR :(

- (VoA v ) (At | Let DVPS = 0.3 m/s if DVPS < 0.3 m/s

S/\N'D)—S.S Let XBPR =0 if XBPR < 0 and let XBPR = 4 if XBPR > 4.
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TABLE 15 - NORMAL ADJUSTMENT (DSPL)

Effects

Primary Component

Secondary Component

Mixed Component

Ambient Pressure

+201og (P, /Pisa)

+201og (P, /Pisa)

+201og (P, /Psa)

Density

_l’_
20 og [u]
2pa

Ps +Pa

+201log
2p,

+20log

Pm tPa ]
2p,

Spherical Divergence

+20 log (Dp /rp)

+20 log (Dp, /15

+20 log (D, /1)

Geometric Near-Field

—101og 1+,£]

—10Iog[‘|+r£]

142

Tm

—10log

t'p)

b =20, +(Dyao/f)

\ >/

b = 2D, + (Do /)"’

b4 200 + (Dpag /f)"2

Acoustic Near-Fie|d

2
+10log|1+0.13| 2o
rpf

2
+10log 1+o.13[%]

g

2
+10log 1+o.13[i]
If

Atmospheric Atterjuation
Coefficient [AC(f)]

—[Ac (fp)] o

fo =1/(1-Mg cos 6,

- [Ac {f )] rs

fy = f/{4— M, cos 6)

—{ NC (fm)] M

fmn =f/[1-M, cos 6,)

NOTE: AC(f) is olptained from ARP8G6A.
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TABLE 16 - ACOUSTIC EXCITATION ADJUSTMENT (EX)

Parameter Definition Primary Component Secondary Component Mixed Component
Excitation
Adjustment (EX) + 5 (EXD) (EXPS) +2a,/[Vs(ZK)] + (EXD) (EXS) (EXC)
Excitation Strouhal
Number (S1) (N1/60) (D Nim)
Effectiveness exp (-SX), SX =50 (S1-0.25) (S1-0.5)
(EXPS) SX =0 1f 0.25<S1<0.5

Spectral Shape
Factor (EXS)

5 (EXPS) exp

—[Iog Sm

2 (S1)+0.00001

Fan Duct Length

exp [0.6—(EXA)”2]

Factor (EXD)
Directivity a/Vim, if 0, <1.4
rector (£79) (3o Nim) [1-(1.8/7) (05 1.4)] if 0, > 1.4

Source Location

Factor (ZK)

1-0.4 (EXD) (EXPS)

NOTE: EXA=

Di

stance from fan face to fan exit

Fan Diameter
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7.2 Development of the Coaxial Jet Noise Prediction Model

The model predicts the noise produced by a subsonic coaxial jet. The jet is conceptually divided into three regions: the
primary jet, the secondary jet, and the mixed (merged) jet. Each region generates a component of jet noise and has its
own noise source distribution. Figure 16 illustrates sound propagation from a source on the centerline in the mixed jet
region at X, for a frequency f radiating at emission angle 6,, indicated by the wave-normal vector perpendicular to the
wave front. Motion of the ambient air convects the sound wave to the receiver (microphone) location shown.

MICROPHONE g

WAVE
NORMAL /
&

=

FIGURE 16 - SCHEMATIC COAXIAL JET NOISE MODEL IN WIND TUNNEL COORDINATES

The calculation procedute predicts the one-third octave-band-sound pressure level (L) for each gomponent of jet noise at
any location. The total j¢t sound pressure level is 10 log«of’'the sum of the time-mean-square spund pressures from the
three components, i.e.,

L=10 |og(1o°'1Lp +10%1s +10°-1Lm) (Eq. 16)

where:

L,, Ls, and L, are|the one-thifd octave-band sound pressure levels of the primary, sgcondary, and mixed jet
components, respectively

Although, the noise prediction method was derived from an extensive collection of experimental|data, consideration was
given to the physics of jat-roise-generation-and-propagation-in-selecting-the-parameters-to-cerrelate the data. Static tests
provided near- and far-field jet noise for unexcited and acoustically excited model jets that simulate the jet-exhaust flow
from a turbofan engine excited by upstream sources such as core or fan noise. An elliptic mirror system was used to
measure the relative sound pressure levels for the different mixing regions to determine the distributed source locations.
Wind tunnel tests of coaxial model jets provided simulated in-flight jet noise data. Full-scale, static-engine noise
measurements and flight test data were used to evaluate the method and to modify the empirical formulations. The
empirical formulae were written for predictions of coaxial jet noise levels in wind tunnel-fixed coordinates or airplane-fixed
coordinates. Prediction of flyover jet noise is obtained by a coordinate transformation as described in 7.7.2.
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Expressions for calculation of jet noise contain three principal groups:

a.

turbulent eddy convection velocities, and ambient-flow effects (Table 14).

geometric and acoustic near-field effects, and atmospheric absorption (Table 15).

C.

7.3

Adjustments to account for the effects of internal acoustic excitation (Table 16).

Component Sound Pressure Level Prediction

The basic normalized one-third octave-band sound pressure level associated with the shear-layer velocity difference,

Normal adjustments to account for effects of ambient air pressure, air density (or temperature), spherical divergence,

Table 14 gives the basic formulae for calculation of the free-field one-third octave-band sound pressure levels for the

three jet noise components. These levels are calculated at a distance of one componen

corresponding source Id

mixed-jet component apd the corresponding calculation of mixed-jet parameters are ‘provids

subscript is the sound ¢
calculation of sound emi

The shear layer source
eddy convection velocity

Mach number is included.

The exponents in the sh
ambient-flow dimensionl
weak Strouhal number d

Strouhal number S with
the component-jet diamg

Coefficients Z1 to Z6 in
includes an adjustment t

7.4  Sound Pressure L
7.4.1  Normal Adjustm
For each component-so

ambient pressure adjus
expressed for each com

cations of each component. Description of the calculation of theqsou

mission angle from each component source. For a given observer log
Esion angles from the distributed source locations is explained in 7.7.

strength function FV in Table 14 is a function of nondimiensional shear

and the airplane forward speed (or equivalent airspeed in a wind tunnel

bar layer source strength function FV provide(the scaling of sound press
ess velocities. The velocity exponents in, Table 14 have a strong direc
ependence.

subscript is specified separately foryeach jet component using the shear
ter, and frequency.

[[able 14 are more directivity)dependent than Strouhal number depender
erm, DSPL, and an acoustic excitation adjustment, EX, listed in Tables 1

bvel Adjustments in Prediction
eNnts

ment\ds the same for all three components. The density effect and 4
banent separately.

t-jet diameter from the
nd pressure level of the
bd in 7.5. Angle 6 with
ation, the procedure for

layer velocity difference,
. For the primary jet, the

ure level with the jet and
tivity dependence and a

layer velocity difference,

t. The expression for Z6
b and 16, respectively.

irce, the-total normal adjustment DSPL is the sum of all the adjustments listed in Table 15. The

pherical divergence are

7.4.1.1  Near-Field Adjustments

Empirical adjustments for the separate effects encountered in the acoustic near-field and the geometric near-field were
derived from general acoustic and geometric near-field properties. For either acoustic or geometric near-field, the form of
adjustment is the same for all three source components and is described in more detail in 7.6.1.

7.41.2 Atmospheric Attenuation

The atmospheric attenuation formulas in Table 15 include Doppler frequency shift. For flyover noise predictions, the
received frequencies used in this procedure have already been Doppler shifted (see 7.7.2). In a wind tunnel, the locations
of the sound sources are stationary and the measured frequencies are the source frequencies. To calculate atmospheric
absorption, the measured frequency has to be Doppler shifted and the sound propagation distance through air at rest has
to be used.
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7.4.2 Acoustic Excitation Adjustments

Adjustment of the sound pressure level as a result of acoustic excitation in the fan flow is given by the expressions for EX
in Table 16.

As a consequence of the increased mixing rate of an acoustically excited jet, the axial distribution of jet noise sources is
more compact than in an unexcited jet (Reference 7.10.1). Empirical formulas for the three jet noise source locations are
given in 7.6.3.

7.5 Mixed Jet Noise Component

The mixed jet region of a coaxial jet usually starts at approximately three mixed-jet diameters downstream of the exit of
the primary or the common-flow nozzle. There is no clear boundary for the transition from the primary and secondary jets
into the mixed jet. Forl turbofan engines having moderate-to-high bypass ratios, the mixedi-jet component usually
dominates the wideband jet noise level in the low-to-mid-frequency region from takeoff to/clibpck power settings. The
mixed jet is, in most pragtical cases, the predominant component in coaxial subsonic jet noise:

For a set of given primafy and secondary jet exit gas conditions, the “fully” mixed jet. condition ig defined by the following
formulae:

Vin = (WpVp +WeVg ) /(W +We) (Eq. 17)
The mixed jet total temperature:
Ton = (WoT, + WTg)/ (W, + W) (Eq. 18)

The mixed jet density:

Pm, = F%//

RT,, —(0.5RVZ /Cp)} (Eq. 19)

where:
R = gas constant

C, = constant presspre specific heat of the mixed jet at the mixed jet temperature

The mixed jet area:

A = APV [ 14 (We W )| /(pmVin) (Eq. 20)

The mixed jet diameter:

)1/2

Dpn = (4An /7 (Eq. 21)

The mixed jet diameter is used to calculate the Strouhal number and spherical-divergence for the secondary and mixed
jet components of jet noise.

7.6  Special Features

The coaxial jet noise prediction method incorporates several special features that are discussed in this section.
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7.6.1  Near-Field Effects

This procedure includes adjustments for a geometric near-field effect and an acoustic near-field effect. Modeling of those
effects is necessary for prediction of the level of jet noise that impinges on the fuselage of an aircraft in flight or for
comparison with in-flow (usually near-field) wind tunnel data.

Relative to the basic far-field sound pressure levels calculated from the expressions in Table 14, the acoustic near-field
adjustment increases the sound pressure level while the geometric near-field adjustment decreases the sound pressure
level. For practical cases, at the frequency corresponding to the maximum one-third octave-band sound pressure level
and for higher frequencies, the geometric near-field term is more influential than the acoustic near-field. The acoustic

near-field adjustment predominates at low frequencies, i.e., at low Strouhal numbers.

7.6.1.1

Geometric Near-Field

Jet noise sources are dis
distribution for each je
(microphone) is close to
from the near-field to the

q

b

Equation 22 includes
separately.

In Equation 22, D is the

observer, and b is an

Equation 22 to calculate
geometric near-field adjy
in the far-field limit.

For each frequency of i
secondary, mixed) in the]
7.6.1.2  Acoustic Near:

The mean-square sound

noise component at a given frequency and far-field radiation) ‘ang
the jet, the acoustic field is simulated better than a line source«than a
far-field is made by an empirical formula for mean-square sound pressu

p2a (D/1Y/[1+(b/r)]

pherical divergence and geometric near-field. effects. Atmospheric
bffective diameter for each component ofithe jet, r is the distance from th
empirically defined source length prévided in Table 15 for each co

sound pressure level yields 10 log (D/r)2 for spherical divergence and
stment term that, for a given source length b, approaches zero as dista

nterest, the empirical geometric near-field effect is calculated for each
prediction method.

Field

pressure pdn the near-field and far-field is given by the following relatio

p? o (1/r)? 14043 (111 )7

btributed throughout the jet flow field. The prediction method uses the eﬂjective center of a source

le. When the observer
point source. Transition
e p’ given by:

(Eq. 22)

hbsorption is calculated

e apparent source to the
mponent. Application of

-10 log [1 + (b/r)] for a
ce r increases to infinity

jet component (primary,

=

(Eq. 23)

where:

A = a/f is the wavelength of sound in ambient air at rest and the constant (0.13) was determined empirically.

Application of Equation 23 to calculate sound pressure level yields 10 log (k/r)2 for the spherical divergence and 10 log
[1+0.13(\/r)?] for the acoustic near-field adjustment.
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7.6.2 Acoustic Excitation

Acoustic excitation from nonjet noise sources, e.g., fan or core noise, can amplify jet noise. Experimental findings (7.10.1)
were incorporated into the prediction method by means of the various sound pressure level adjustments listed in
Table 16.

For prediction of engine jet noise, the prediction model uses readily available engine geometric and cycle parameters. For
moderate-to-high bypass-ratio turbofan engines, the second harmonic of the fan rotational speed at takeoff power
corresponds to a frequency of sound that may be effective in exciting the jet. Parameter EXPS, defined by the equations
in Table 16, provide a measure of how effective an internal sound source is in exciting a jet exhaust stream. EXPS is unity
when the Strouhal number based on fan rotational speed is between 0.25 and 0.5 and decreases exponentially for
Strouhal numbers less than 0.25 and greater than 0.5.

The dimensionless fan duct length, EXA (see 7.1), is related to the boundary layer thickness at:tje fan exit and the sound
pressure level of the fan|tones at the fan nozzle. A longer fan duct usually implies a thicker/boundary layer, a lower level
of the fan tones at the nqzzle exit, and a reduction in the effectiveness of jet noise excitation:

For the primary and the secondary jets, the increase in noise levels due to excitation are assumgd to be omnidirectional.
The directivity factor, EXC, applied to the mixed jet excitation adjustment, results(in smaller jef excitation effects being
added in the aft quadrant compared with those in the forward arc. The adjustment is invefsely proportional to the
normalized mixed jet velpcity based on the speed of sound in ambient air.

The more compact axigl distribution of sources of excited jet noise is\adjusted from that of [an unexcited jet by the
empirical factor ZK in Taple 16.

Parameter EXS is used {o adjust the shape of the spectrum. The.expression in Table 16 assigns p maximum amplification
at approximately twice {he fan rotational frequency. The small number 0.0001 in the denominator is used to avoid a
singularity at zero fan ritational speed (S1 = 0). The sound pressure level adjustment for an exXcited jet is broadband in
nature and generally is Ig¢ss than 5 dB.

7.6.3 Jet Noise Sourc¢ Locations
Important sources of jel noise are distributed\over a wide range of the jet mixing region from the nozzle exit up to
15 mixed-jet diameters gownstream. For static tests of engines, noise is typically measured af positions on a 150-foot
(45-m) polar arc. Identification of noise,source locations as well as the direction and distance gqf each microphone from
the source is necessary for accurate prediction of jet noise.

The primary jet noise solirce location X, normalized by the primary jet diameter D, is given by:

Xo/Dp={4-+4tan"[(186, /x)—o|+ (A/A) } (ZK) (Eq. 24)

where:

ZK = excitation source location factor from Table 16
Equation 24 shows that the source for jet noise radiated to the forward arc is located close to the nozzle exit while the
source for jet noise radiated to the aft arc is relatively far downstream. The noise source location formula in Equation 24 is
independent of frequency.
The secondary-jet noise source location normalized by the mixed-jet diameter from Equation 21 is given by:

X, /D ={2+1.6tan""[(450,/1)-2.25] } (1+0.55°%)
(Eq. 25)

$[1+(0.7V, /ag) | [Ve (Vs -Va) ] (2K)
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High-frequency sources (large values of Strouhal number S;) are located close to the nozzle exit while low-frequency
sources are farther downstream.

The mixed jet noise source location normalized by mixed-jet diameter is given by:

0s5v."?( v

Xm B
D—_{3+exp( Sm)+ Vv

m

2+1.1 tan‘1[18e—m13]l+(1+o.5 Sr?11/2>}
T

] (ZK) (Eq. 26)

Although the mixed jet does not have a potential core, the characteristics of the mixed-jet noise source locations are
similar to those of the primary and secondary jets.

7.7 Incorporation of Distributed Source Location

As described earlier, thg prediction formulae were derived for airplane-fixed or wind-tunnelcéorfinates. Sound pressure
level is a function of spurce frequency (or Strouhal number) and sound radiation angle. Hpwever, because of the
distributed nature of the[sources of jet noise, the geometric angle used to identify the ebserver [location is different from
the sound radiation angle. Furthermore, in the case of a flyover, the received frequenéy is, in general, different from the
source frequency. In order to predict the jet noise for a given observer location, it is'necessary fo find the corresponding
source location, radiatign angle, and in case of flyover noise predictions, the&. source frequency. The recommended
methods are described in 7.7.1 and 7.7.2.

7.7.1  Wind Tunnel Coprdinates
For the situation where there is no relative motion between the obseétver and the nozzle (see Figlire 17A) the source for a

given component of jet noise is located at a distance X; downstream of the origin of coordinates gnd radiates the sound at
an angle 6; where the subscript j = p, s, or m for each jet-noise component. The observer (mjcrophone) is at sideline

distance ¢ and angle 6 ffom the center of coordinates as.shown in Figure 17A. The center of thgd nozzle exit is located at

X, on the coordinate system. The distance X, is introduced to enable prediction of as-measure¢l sound pressure levels,
since most full scale testp are conducted with the center of coordinates set at a convenient locatign not at the nozzle exit.

For a free-stream Mach pumber M, < 1:
1 2 2 1/2 5
0;sin "{|-M.B+ (B2 ~MZ2 +1) " | /(B? +1) (Eq. 27)

where:

B—{{XG =X}/ #cot (Eq. 28)

The following iteration procedure is recommended for determining the source location X; which corresponds to a given
component source radiation angle 6.

a. For a given one-third octave band center frequency (Strouhal number S;), assume 6; = n/2 and find X; from Equations
24, 25, and 26.

b. Use Parameter B from Equation 28 to find a new angle 0; from Equation 27. Use the new angle 6; to find a new
distance X; from Equations 24, 25, and 26.

c. Let©; = 6;and use the new distance X; to find a new angle 6; from Equations 27 and 28 and let 6, = 6;.
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FIGURE 17 - GOORDINATE SYSTEMS FOR JET NOISE PREDICTION
d find a new distance X;.

d until.the absolute value of the difference between two successive cal

culations of the effective

uakto, or less than, Dy/20 for the primary-jet component or D,/20 for th

b secondary or mixed-jet

components.

7.7.2 Ground-Fixed Coordinates for Flyover Jet Noise

The coordinate system for a straight flight path with the jet axis aligned with the free stream, or at a small angle of attack
relative to the free stream, is shown in Figure 17B. The radiation angle or the retarded angle is given by:

where:

ejzsm4(82+1f”2

B = given by Equation 28

(Eq. 29)
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The source frequency fsource IS given by:

where:

f =received freque

f

source

(1-M, cos 6 ) f

ncy

64 sound-propagation angle relative to the flight path

(Eq. 30)

The Strouhal number is defined by using the source frequency. The iteration procedure is the same as the wind tunnel
case except using Equation 29 instead of Equation 27. In the flyover case, atmospheric attenuation is calculated at the

received frequency.
7.8 Predictions of Jet

This procedure predicts

the jet other than thos¢ of the nozzles. The presence of the solid surfaces, can® change th

propagation mechanism
the jet exhaust flow fie
represent the sound pres

Effects due to the presq
measured jet noise levs
levels are provided in the

7.9 Prediction of Jet N

7.9.1  External Plug Ef
Tests of coaxial jet nois
particularly, in the aft ar
extended primary config
be added to the predicte

Noise Levels for Full-Scale Tests
the noise of an “isolated” coaxial jet, i.e., without the presence’of solid
5 from those of an isolated jet. In practical applications,-the solid surface

d. Depending upon the specific configuration and~cendition, measurg
sure levels of an isolated jet and, therefore, cannot be predicted without

Is from full scale tests, empirical formulaethat may be considered fo
Appendix D.

pise Levels for Full-Scale Tests - Static or Flight (Section 7)

ect

e with different external* plugs indicated that an external plug decreas
c. Let PLUGD be the-diameter of the external plug at the primary nozz

iration, or at the secondary nozzle exit for a common-flow nozzle. The a
1 jet noise level is-given by:

PG, =0.1(V, /a,) 10— (18 6, /)| (PLUGD)/D,

surfaces in the vicinity of
e jet noise source and
5 are not always far from
d noise levels may not
further adjustment.

nce of solid surfaces are not included in this’procedure. For the convgnience of predicting the

adjusting the predicted

ps the level of jet noise,
le exit for a coplanar or
Hjustment, in decibels, to

(Eq. 31)

PG, =0.1(V, /a,)[6 — (18 6¢ /n)| (PLUGD)/D,,

(Eq. 32)

PG, =0.1 (vam/aoz) 9-(180,,/x)| (PLUGD)/D,,

for the primary, secondary and the mixed jet noise component, respectively.

7.9.2  Ground Proximity Effect

(Eq. 33)

For test stand installations, where the test stand height is less than three times the diameter of the mixed jet, it may be
necessary to include an adjustment for a ground proximity effect in the prediction of static engine jet noise. Analysis of
sound pressure levels measured by ground-plane microphones in engine static tests indicated that the ground proximity
effect is greatest in the frequency region where the wavelength is approximately equal to engine centerline height. The
data also indicated that when the centerline height is greater than four times the diameter of the mixed jet the ground
proximity effect is negligible. Based on these observations, an empirical ground proximity effect (GPROX) was derived.
The value of GPROX is subtracted from the calculated mixed jet noise levels to predict the sound pressure levels at
ground-plane microphone locations around a full-scale engine test stand.
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The ground proximity effect in decibels is given empirically by:

where:

GPROX = (5V,,/a,) exp {—[9 (0 /m)— 6.75]2 _[(H/Dm) - 2-5]2}

x {1+ sin? (zHf /a) — (x/2)] } / [2+] (HF/25) 1|

H = engine centerline height above the ground plane

7.9.3

Installation and Angle of Attack Effects

(Eq. 34)

To accurately predict th
installation and angle of
airplane and its operatio
configurations, simplified

It is assumed that the p
sound pressure level is 1]

For the secondary jet ¢
added to the predicted s

where:

Ce = wing chord length at the engine Jocation

Xe = fan exit locatior

Y. = separation distance fram:the wind chord line to nozzle lip as shown in Figure 18

e jet noise of a jet-powered airplane in flight, it is necessary tonclu
attack. These effects depend strongly upon the installation configuratio
n (e.g., flap setting and angle of attack). For general applications regardi
models are described in the following paragraphs.

[imary jet component does not have installation or anglé-of-attack effec
hade for the primary component.

bmponent, no angle-of-attack effect is assigned.“The installation effect,
bcondary jet noise level is given by (see Figure18):

INST =0.5

(e~ Xe)* /(G| [exp (~Ye /D)

<|(1:86, /r)—0.6]"

downstream of the leading edge (X.<C,)

D = mixed jet diamefter calculated from the jet prediction procedure

e the effects of engine
h (7.10.2) of the specific
hg wing-mounted engine

ts, and no adjustment in

INST in decibels, to be

(Eq. 35)

The magnitude of the installation effect is between 0 and 2.5 dB. If the calculated installation effect exceeds 2.5 dB, the

limiting value is used.
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¢

The angle-of-attack effed

where:
« = angle of attack|in degrees
M, = flight Mach number

No installation effect is a
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und as a function of the
5 derived by imposing a
y angle. This procedure
h in Figures 20 and 21 is
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repeated in Tables 17 ar
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The method of calculation is as follows:

Step 1—Calculate the OAPWL using the normalized sound power correlation.

where:

W

2 —4

(T4 —Ts )ref

T

W,a,°

ref

+1010g40 [H
T3

Ps
=)

o

|

o

primary (core) mass flow rate, kg/s

P3

(Ta-Ts)

(Ta - Ts)res

Wiet
Temperature T,

Pressure P,

Speed of Sound a, F

Step 2—Use Figure 20 ¢
octave band in the powg
the peak is known to be
such that its symmetrica
not be expected to be m

where:

S (f) = the spectrum

F combustor inlet total pressure, Pa

F combustor total temperature rise, K

+ reference power, 107" watt (1pW)
F 288.15K

T 101.325 kPa

340.294 m/s for T, = 288.15 k (15 °C)

r Table 17 to define the power level spectrum. For basic prediction purp
r spectrum is assumed to be 400 Hz. However, when the method is bei
slightly above or below 400:Hz, it is recommended that the power spe
shape is retained, but based upon the observed peak freefield value. S
pre than one-third octave on either side of 400 Hz. The PWL spectrum is

PWL (f) = OAPWL +S (f)

Shapé factor of Figure 20 and Table 17

—60.5

(Eq. 37)

F reference total temperature extraction by the turbines, at maximum takgoff conditions, K

oses, the peak one-third
hg used with data where
trum herein be adjusted
ich an adjustment would
given by:

(Eq. 38)



https://saenorm.com/api/?name=256edc07cc438f0f19dcbd2471325e6f

SAE INTERNATIONAL

ARP876™F

70 OF 103

Semi-Empirical
Relationship Equation
Input: P,, T,, T,, W
(Ta'Ts)un Po, To’ a,

Source OAPWL

Empirical Spectrum
Shape, Table D-1

PWL Sound
Power Spectrum

EmpiricaliDirectivity,
Table D-2

Freefield Static
Combustor Noise,
Farfield at Angle

Freefield Flight
Combustor Noise,
Farfield at Angle

FIGURE 19 - FLOW CHART FOR COMBUSTOR NOISE PREDICTION
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. Relative Power Level (PWL-0APWL), dB
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FIGURE 20 *SPECTRUM SHAPE FOR COMBUSTOR NOISE
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FIGURE 21 - FAIRFIELD DIRECTIVITY*EOR COMBUSTOR NOISE
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TABLE 17 - SPECTRUM SHAPE FACTOR FOR COMBUSTOR NOISE

1/3 Octave Band Center S(f), Relative Power Level
Frequency (f), Hz (PWL-OAPWL), dB

31.5 -38.7
40 -34.7
50 -31.2
63 -27.2
80 -23.2
100 -19.9
125 -17.0
160 -14.1
200 -11.7
250 9.7
315 -8.2
400 -7.2
500 -82
630 ‘Qr7
800 311.7
1000 -14.1
1250 -17.0
1600 -19.9
2000 -23.2
2500 -27.2
3150 -31.2
4000 -34.7
5000 -38.7
6300 -43.2
8000 -47.2

10 000 -52.2
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TABLE 18 - FARFIELD DIRECTIVITY INDEX FOR COMBUSTOR NOISE

Angle From Fairfield Directivity
Inlety (6), degrees Index (DI), dB
10 -8.0
20 -7.5
30 -7.0
40 -6.5
50 -6.0
60 -5.3
70 -4.6
80 -3.9
90 -1.6
100 +0.8
110 +3.1
120 +5.0
130 +3.5
140 +1.2
150 49
160 -5.1

axial reference from core (primary) nozzle exit

Step 3—The sound prespure level (SPL) at each farfield angle along ansarc is found using:

SPL (f, 0,) = PWL (f)+ DI (6;,)~ 20 lagio T +10 logo (pagWier /47 pi) (Eq. 39)
where:
DI = farfield directiyity index (Figure 21 and Table 18)
0; = angle from inl¢t, degrees (axial reference from core nozzle exit)

Pref = reference soupd pressure (20uPa)

r arc radius, m

and where the last term is -10.8/dB under standard condition.

The values thus calculated represent an idealized free Tield case of a nonattenuaiing aimosphere and absence of effects
of a ground surface. In a practical case, these SPLs must be adjusted to account for atmospheric sound absorption and
for ground plane effects.

NOTE 1: Accuracy of Prediction
It is estimated that predictions of combustor noise overall power level (OAPWL) will be accurate within +5 to -3 dB, based

on correlation of data of turboshaft, turbojet, and turbofan engines of five manufacturers. This accuracy is estimated for
the range of 186 to 222 in the Equation 37 correlating parameter.

101logyq (\A/pag/wref)+20 logyg [<T4 —T3)/T3] +201logq (P3/P,)
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NOTE 2: The directivity index is assumed to be the same for all frequencies. Some model tests have indicated a change
for very low frequencies, with the peak angles shifting from 120 degrees toward the jet axis. For full-scale
engines, such changes should probably be apparent for frequencies below 200 Hz. The perceived noisiness
weighting for such frequencies is so small that the error accruing from use of a single directivity for all

frequencies is

8.2 Flight Conditions

almost negligible for perceived noise level calculations.

It is widely accepted that the effect of forward speed on a source (such as the combustor component) which is effectively

moving at the same speed as the aircraft, is affected by a 4th power “Doppler” amplification factor.

To translate the sound pressure levels obtained in 8.1 to flight conditions, a 4th power amplification factor should be

applied as follows:

where:

M, = aircraft flight M

é =0i-y

SPLiight) = SPLstatic) — 401094 (1—M, cos ¢)

ach number (V, /a,)

0; = angle to engin¢ intake axis

y = total incidence

8.3 References

angle between aircraft flight direction and-engine inlet axis

FAA Report No. FAA-RDO
GE Core Engine Noise |

-77-4
vestigation Program - Low Emission Engines

R. K. Matta, G. T. Sandusky, V. L. Doyle (1977)

FAA Report No. FAA-RO-74-125
Core Engine Noise Contfol Program - Vol:*Hl, Supplement 1 -

Extension of Prediction

ethods

S. B. Kazin, R. K. Matta,[J. J. Emmetling (1976)

8.4 Parties Contributing to the Formulation of Section 8

AiResearch Mfg. Compahy-of Arizona, USA

Detroit Diesel Allison, USA

General Electric, USA

Nat'| Gas Turbine Establishment, United Kingdom

Pratt & Whitney Aircraft,
Rolls Royce Ltd., United
SNECMA, France

The Boeing Company, U

USA

Kingdom

SA

(Eq. 40)
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9. NOTES

9.1 A change bar (I) located in the left margin is for the convenience of the user in locating areas where technical
revisions, not editorial changes, have been made to the previous issue of this document. An (R) symbol to the left
of the document title indicates a complete revision of the document, including technical revisions. Change bars and
(R) are not used in original publications, nor in documents that contain editorial changes only.

PREPARED BY SAE SUBCOMMITTEE A-21 S1, GAS TURBINE PROPULSION
OF COMMITTEE A-21, AIRCRAFT NOISE MEASURE AND NOISE AVIATION EMISSION MODELING
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1.

INTRODUCTION TO APPENDICES TO ARP876

BACKGROUND TO SELECTION OF PREDICTION METHODS IN ARP876

The main body of SAE ARP876, first published in March 1978 to replace the original and outdated SAE AIR876 published
in 1965, contains prediction methods agreed by the SAE A-21 Committee on Aircraft Noise to reflect the state of the art at
the time of publication. In making its selection of a preferred method the SAE A-21 Committee has to consider:

nical quality of the information on which the component method is based,;

a.
b. the amount and tech
c.

d. the accuracy of the f
e. any likely foreseeabl

While Item a above is a
Recommended Practice
lead-up to defining a me
of each section of SAE A
Turbine Propulsion Subdg
compiled in appendix for|

2. HISTORY OF THE R

In October 1970 the SAH
was issued in 1965 as a
the emergence of high
considered in SAE AIR8

An ad hoc group was fo
above the question of 1

reviewed available inforfnation over the.stubsequent two-year period. In 1973, the subcommitte

document should be pre
single and coaxial jets
specifically excluded beq
acoustically lined engine

nal method;
e improvements brought about by new work.

prerequisite to SAE A-21 Committee activity and item d is’considered
items b, ¢, and e are the subject of protracted and .exhaustive survey
thod. In order to understand the background behind_ thé decision to pro
ARP876 it was decided to prepare these Appendices, so as to reflect the]
ommittee of the SAE A-21 Committee, and to reference all available infq
M to echo the subject matter of the main bady«of SAE ARP876, and allov

REPARATION OF THE APPENDICES-TO SAE ARP876

F A-21 Committee on Aircraft Nois€)deemed it timely to review the validi
summary correlation of jet engine exhaust noise. The need for a review

bypass-ratio turbofan engihés with exhaust velocities considerably
(6, and turbojet engines for supersonic transports at the other end of the

‘med, and reported-in1971 that SAE AIR876 was deficient in several s
ange of jet velocities covered. Accordingly, a subcommittee was forr

pared covering known sources of exhaust noise in separate prediction p

shock-associated and internal noise were proposed for study. Tur
ause of-the proprietary nature of much of the data and because of the ¢
ductingrfor installations in high bypass-ratio turbofan engines for civil jet

the desirability of publishing a prediction method for any particular noise-producing component of a jet engine;

the simplicity of correlations of available data and the level of input information required to execute a prediction;

in each SAE Aerospace
5 and discussions in the
ceed with the publication
deliberations of the Gas
rmation considered. It is
for future updating.

y of SAE AIR876, which
was largely a function of

lower than the range
scale.

gnificant areas over and
hed in 1971 which then
b determined that a new
rocedures. The topics of
bomachinery noise was
pmplication of the use of
transport aircraft.

OSAL _ADD

876 was substantial and

The depth and intensity

£ CHPH ¥ tbhaot t 1 1 H +la ' £ I 'H £
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significant. New data became available as methods were developed, and the methods were adjusted to take account of
such developments. In some cases the decision to publish a section at a particular date was a matter of divided opinion,
since at any given time there was always a new piece of work about to produce information which might have solved
immediate problems. As a result, the material in these Appendixes reflect the fact that, in some instances, alternative
procedures were available, and that the method selected for inclusion in SAE ARP876 was, frequently, a matter of
consensus rather than unanimous agreement.
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APPENDIX A - BACKGROUND TO PREDICTION OF SINGLE STREAM JET MIXING NOISE FROM
SHOCK-FREE CIRCULAR NOZZLES (SECTION 5)
A.1 INTRODUCTION
Up to the time when the SAE A-21 Committee on Aircraft Noise decided to take a second look at its published method for
predicting jet noise, SAE AIR876 and the work of Coles (A.5.1) were the only published correlations of jet noise that
permitted a prediction process to be undertaken. Those works stood the test of time up to the early 1970s when the
introduction of the high bypass-ratio turbofan and the development of the supersonic transport revealed a need for the

ability to predict jet mixing noise and other associated components of engine noise to a far greater degree of accuracy,
both within and outside the jet velocity range thus far considered.

The initial move by the Exhaust Noise Subcommittee” was to circulate the then unpublished static engine and model
correlations of Ahuja and Bushell (A.5.2) and to seek comparison with other available data. Such data as emerged, from

the General Electric Cofnpany for models (A.5.3) and full scale engines, Lush, and the Sociéié

Construction de Moteur
revealed a sensible co
normalized for jet area &
correlation procedure tg
appeared that jet densit
sound pressure levels.

A2 STATIC CORRH

5 d’Aviation (SNECMA) and the National Gas Turbine Establishment
relation of wideband sound pressure level values from tests 6fscal
nd density and referenced against fully expanded jet velocity. Discrepa

collapse the test data were noted, however, at high velocities and
y was a variable rather than unique function) and in the considerable s

LATION

By 1973 it had been detérmined that the high frequency data scatter was probably a function of n

in some of the model 1

gs from which data had been acquired.*This conclusion was borne

variability of data from engines, first indicated by Smith (A.5.7) and:later highlighted by Bushell (A

Figure A1. At that time

labeled as core, tailpipe,
Boeing Company, Hami
the rigs and facilities on
contaminated by interna
concentrate solely on in
activity led to significant

sources of noise other than those originating in the turbomachine were

ton Standard, and Pratt & Whitney Aircraft of Canada led to a close in
which the data were acquired,- with a view to eliminating those data t
noise sources. In view ofthe multitude of noise sources in data from e
ormation from high quality"model facilities. In fact, by 1974, the secong
new work being undertaken within The Boeing Company, the NGTE

model jets, and an upsuige in activity on static-to-flight effects throughout industry and governme

establishments.

By 1975, the acceptabl

b data baselhad been reduced to measurements from the high quali

Nationale d’Etude et de
(NGTE) (A.5.4 - A5.6)
e model nozzles, when
ncies in the ability of the
temperatures (where it
catter in high frequency

pise generated internally
but by the even greater
.5.8) in the correlation of
variously identified and

excess or even combustor noise. Additional unpublished data from Pratt & Whitney Aircraft, The

spection of the quality of
hat were expected to be
hgines, it was decided to

round of subcommittee
1A.5.9) and SNECMA on
ht aircraft noise research

y facilities at SNECMA,

NGTE, Boeing and Gengral Electrie/ Additional high quality data from the Lockheed-Georgia Company were included at a

later stage. The backgro
1977 are contained in m

Lind data-and substantiation of the method derived from this work in the g
bjor internal reports (A.5.10 - A.5.13) from Lockheed, SNECMA, and Boe

eriod between 1975 and
ng.

The results of all this work were drawn together in the period from 1975 to 1977 in a comprehensive document correlating
1/3rd octave band spectral levels against jet velocity and density for varying temperatures. The document was approved
by the SAE A-21 Committee and the SAE Aerospace Council for publication in 1977, and appeared as the initial version
of Section 5 of ARP876 in March 1978. The initial version dealt only with jet mixing noise from single stream shock-free
circular nozzles under static conditions. The derivation of a transformation function to account for static-to-flight effects,
discussed in the following paragraphs, was not finalized until 1980 and published in 1981.

2 Because of an enlargement of the scope of the subcommittee’s responsibilities, the name of the subcommittee was changed in 1980 to the SAE A-21
Gas Turbine Propulsion Noise Subcommittee.
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FIGURE A1 - EXTRACT FROM REFERENCE A.8 - EARLY JET MIXING NOISE CORRELATION
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A3 STATIC-TO-FLIGHT EFFECTS

To be useful in predicting operational noise levels, any aircraft noise prediction method requires the ability to predict
under inflight conditions. The questions of the changes that occur in the jet mixing structure as a result of forward motion
and the resulting noise level and directivity are ones that have been a cause for concern for several years. The original
prediction method of SAE AIR876 of 1965 was directed primarily at providing an estimate of maximum “pass-by” noise
level for aircraft Mach numbers below 0.35. The recommended curve from which the maximum pass-by noise level was
ascertained was essentially an average of ground based and flight test data using relative jet velocity as the correlating
parameter. Small differences in spectra were indicated under static and flight conditions, but were not explained.

The first definitive relationship between static engine and aircraft flight levels was published by Bushell (A.5.14) in 1975.
Bushell’s relationship was based upon observations of the static and flight levels of a few aircraft powered by turbojet and
turbofan engines. It was recognized at the time that the correlation thus produced was at variance both with the classical
jet noise theory and witlh measurements made in wind tunnels, where forward motion was simlilated by the tunnel flow
(A.5.15 and A.5.16). THe main differences were in the prediction of an amplification of efngihe noise in the forward
quadrant under actual flight conditions, but a reduction under simulated flight conditions with- mgdels of the same quality
as used in defining the bpsic jet noise correlation of SAE ARP876 (see Figure A2).

The Bushell correlation {Reference A.5.8) used as a basis the transformation function developdgd by Cocking and Bryce
(A.5.16), which utilized gn exponent (m) for the ratio of absolute to relative jetvelocity and a Doppler amplification factor
as shown in Figure A3. [That format became the basis for initial studies by the/A-21 Subcommiftee in 1974. The aircraft
static-to-flight effect seefned to be in good agreement with results from a whirling arm facility (A.p.17) and it was not until
the appearance of the wprk of SNECMA (A.5.18 and A.5.19) on the Bertin)Aerotrain, work in the [NASA Ames 40 ft x 80 ft
wind tunnel and other fagilities, and new flight test evidence (A.5.20 toA.5.29) that real debate started.

From that time to the daje of publication of the static-to-flight section in Section 5 of SAE ARP87p, controversy continued
over the real effects of fgrward motion on jet noise. Moreover,thére was no ideal solution to the problem, since there was
no accepted rationalizafion or explanation of the differing “effects between observations on| aircraft, engines under
simulated flight conditions, and model jets under various, mades of flight simulation.
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FIGURE A2 - DIFFERING FORWARD SPEED OBSERVATIONS
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GENERAL RELATIONSHIP
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10 log,, {(Vy/ Vee))"®’(1 - M, cos (8,))}
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FIGURE A3 - STATIC-TO-FLIGHT EXPONENT - M(6))
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