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FOREWORD

AIR876, issued on 7 October 1965, presented a summary correlation of jet engine
exhaust noijse data available at that time. It dealt with,both stlatic and flight
modes but, by virtue of the data largely being from full scale engines, no attempt
was made td subdivide the information into the relevant component| noise sources.
Subsequentlly, work on high-quality noise facilities has established that most
engine exhaust systems are influenced in their noise characteristlics by far more
than the ngise due to the external mixing process alone, and this work has

p;gvided the opportunity to develop a clearer picture of the inflluence of other
effects.

AIR876 was |also limited to jet velocities above 300 m/s (1000 ft/s), i.e., the
range of exhaust velocities associated\with early jet engines. The introduction
of more advanced engine designs demands a prediction technique fgr exhaust sources
over a far [wider range of velocity/,conditions.

Therefore, [it is intended that' ARP876 be developed on a long-ternm basis as a
document ddfinitive in most.aspects of the prediction of exhaust [noise, consistent
with the stlate of the art. ‘Specific recommended procedures will |be issued as
Sections, HQoth for completeness and to allow for future updating., Additionally,
following d decision in: 1979, explanatory background material detailing the
rationale hehind the)selection of methods will be included in separate Appendices
to this doqument.

The document will offer a method of estimating the exhaust noise |from single

unsuppressed_engines. To be useful in estimating the noise from|aircraft
instal]atigﬂs7—a—aumber—e#—add%%%ena%—e##ee%s—mus%—be—eeas4de¥ed— and it is

’

intended that these also will be covered as substantive evidence becomes
available.

SAE Technical Standards Board Rules provide that: "This report is published by SAE to advance the state of technical and engineering
sciences. The use of this report is entirely voluntary, and its applicability and suitability for any particular use, including any patent
infringement arising therefrom, is the sole responsibility of the user.”

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revisad, or cancelled. SAE invites your
written comments and suggestions.

Copyright 1994 Society of Automotive Engineers, Inc.
All rights reserved. Printed in U.S.A.
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FOREWORD (Continued)

Areas that will not be addressed in this ARP, due to source variability with
detailed engine design parameters, are aerodynamic blade noise sources; that is,
noise generated by interaction effects between rotating and stationary components
of the fan, compressor and turbine systems.

Each Section will be dated, and will represent an approach to a particular topic
as agreed by members of the SAE A-21 Propulsion Noise Subcommittee who have
experience or data on that subject. Lists of members and affil iated bodies
contributing experimental data or other information used in compiling any one
Section will be—included f‘nrrncnnnrlonro should be addressed-to-the SAE for the

attention of the A-21 Committee and approprxsfe distribution.
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3.1

SCOPE:

ARP876 is intended to provide specific recommended procedure
prediction of gas turbine jet exhaust system noise sources.

issued as separate Sections, to allow for future updating as
methods, consistent with state-of-the-art, become available.

SOURCES OF EXHAUST NOISE:

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

s for the
Procedures are
additional

applications can

a. Pure jet mixing noise resulting from a hot core exhaust-stream mixing with
itls surrounding environment (which may be influenced by g bypass flow)

b. Pure jet mixing noise resulting from a cold bypass stream mixing with both
the surrounding environment and the core flow

c. Shock associated noise, where either or bdgth hot and colfl exhaust systems
comprise a choked final nozzle

d. Nolise from the core engine resulting.from aerodynamic disturbances
upstream of or at the final nozzley including combustion|noise.

e. Aerodynamic noise, tonal and broadband, resulting from bllade interaction

The relevance of each source
both engine operating condition and aircraft speed. Because
of aerpdynamic blading ‘noise on the intimate design configur
engine, this aspect ds specifically excluded from subsequent

the overall

is a function of
of the dependence
ation of any given
consideration,

and every attempt has been made to remove such phenomena from any engine data

used.

NOTES PN USE.OF PREDICTION PROCEDURES:

Prediction methods included in this document are self-conta
an esttimate of the total exhaust noise signature from an en

This is effected by estimating each component spectrum and
in each one-third octave band. This is usually most conven

ined. To develop

gine it is

summing the energy
iently carried out

prior to any extrapolation to the relevant distance or corrections for

atmospheric conditions and ground reflection effects. It i

s also necessary

to incorporate any estimated turbo-machinery content (not covered herein) at

the initial stage, in order to obtain a complete spectrum o

f engine noise.

Furthermore, it is advisable that any assumed modification to the noise by

virtue of suppression features or installation effects is m
component calculation stage.

ade in the
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3.2

3.3

3.4

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 i i nd).

The predi
taken in
attenuati

tion methods provide spectral information derived from measurements
he acoustic far field, but corrected for loss dae ‘to jatmospheric
n and normalised for distance.

Since praftical distances involved in aircraft noise(calculations are large,
apart from the normal inverse square law correctien, 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 fonditions.

Predictiop methods are directed at producing estimates of noisel levels
generated| during the normal take-off and approach regimes of ailrcraft
operation| Extrapolation of the methods to higher flight speeds, or use for
estimatiop other than in the acoustic farfield, is not recommended since
experimental evidence in support of such extrapolation was not |available at
the time pf preparation of thiscdocument.

SYMBOLS:

a, Ambient speed of )sound m/s

A Cross-sectional area of jet exhaust nozzle m’
(Wwith subscripts to define nozzle referred to)

C, Velocity coefficient for relevant discharge nozzle

DI Farfield directivity index dB

D Exhaust nozzle diameter (with subscripts) m

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

f Frequency Hz

g Gravitational constant; 9.80665 m/s?

ISA International Standard Atmosphere
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(Continued):

L Sound pressure level

m(e,) Relative Velocity exponent used in converting
static mixing noise to flight conditions

M Jet Mach number (V,/a,)

M, Aircraft flight Mach number (V,/a,)

n Jet velocity exponent

N Rotational speed (with subscripts)

NPR Nozzle pressure ratio (P,/P,)

OAPWL Overall sound power level (re 1 pW)

OASPL Overall sound pressure level (re 20 pPa)

P Sound pressure

P. Ambient static pressure

Pisa Static pressure under ISA, sea level conditions

Pros Acoustic reference sound pressure, 20 pPa

p Total pressure

P, Ambient-total\pressure

Pisa Total pressure under ISA, sea level conditions

PWL One-third octave-band sound power level (re 1 pW)

r Radial distance from sound source (or nozzle exit)
to observer

R Gas constant with value 287.05 J.kg 'K based
on the universal gas constant of 8.31432 x 10°
J/[K(kg-mo1)] and mass per kilogram-mole in dry
air of 28.9644 kg/(kg-mol)

Sr Strouhal number

S Normalised free-field Overall Sound Pressure Level

S(f) Power level spectrum shape factor

SPL One-third octave-band sound pressure level (re 20 uPa)

t Static temperature

dB

rpm

dB
dB
Pa
Pa
Pa
Pa
Pa
Pa
Pa
dB

J.kgK™?

dB
dB
dB
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(Continued):
t, Ambient static temperature K
T Total temperature K
T, Ambient total temperature K
T, Jet total temperature K
A Forward speed of engine (i.e., airplane) m/s
v Fully expanded jet velocity (with subscripts) m/s
W Massflow rate kg/s
x Number of shocks in supercritical jet
X Noise source location downstream of primary nozzle ex|it m
B Jet pressure ratio parameter
Y Ratio of specific heats for propulsive medium
] Angle to nozzle axis (with subscript degrees
i inlet, j jet) (except where
stated)
A Wavelength m
13 Strouhal frequency. adjustment factor
Toos Acoustic reference power, 1 pW Watt
P Density kg/m’
Prsa Atmospheric density under ISA conditions kg/m’
(1.225 kg/m* based on atmospheric pressure
of 1701325 x 10° Pa at an air temperature
of 288.15 K)
P, Fully expanded jet density kg/m’
¢ Angle between direction of aircraft motion and degrees
direction of sound propagation
v Angle between airplane flight path and engine degrees
thrust axis
® Variable density index used in computing
OASPL from jet mixing noise

- 10 -
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(Continued):
Subscripts:

i intake

J jet (general)

aoro ambient

) primary jet

S secondary jet

m mixed jet

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

NOTE: The units quoted for the physical quantities are the-rgcommended
ysteme Internationale units. Except for the logarithmic quantities,
emperatures and angles, any other consistent system of units may be
sed since results are expressed as dimensionless ratigs.

- 11 -
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5.1

PREDICTION OF SINGLE STREAM JET MIXING NOISE FROM SHOCK-FREE CIRCULAR NOZZLES:
DATE OF COMPILATION:

Static Conditions - September 1976
Flight Conditions - November 1978

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
tempera Htionss j X1 se level and
spectrgl character is a function of the following principalCparameters:

a. Thg velocity differential between that of the jet and itg environment
b. Thg jet density relative to the density of the ‘surrounding air

c. Thg jet dimensions
It has |been concluded that one of the most convenient ways tq express jet
noise dharacteristics is to consider firstithe normalized ovdgrall sound
pressure level (OASPL) as a function of-~jet velocity (V,) and| angle of
measurgment (6, or 6,) and to then relate the spectrum (bn a one-third
octave-band basis) to the overall level at any point in the flield. This
procedyre may be adopted by using.Figures 5.1 through 5.11. |The information
in Figyres 5.1 through 5.11 is also presented in Tables 5.1 fhrough 5.11.
The metlhod of calculation isfas follows:

Step 1|- Calculate the fully expanded mean jet velocity (V,) [from a knowledge
of jet temperature and pressure, where:

v; = gpli(2yRg) /(y - ) 1IT;] [1 - NPR ~(r-D/v]}/2 (Eq.1)

or; where a knowledge of temperature and pressure ig not readily

v rements) an
alternative method of calculating V, is from thrust and mass flow,
where:

V; = static gross 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 5.1.

- 12 -
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5.1

(Continued):

Step 3 - For any desired angle and jet velocity use Figure 5.2 to obtain the
normalized free-field overall sound pressure level (S) where:

OASPL - 10 log,, {[(p;/p,)®] (A;/r?)} - 20 log,, (P,/P,g,)

for the value of V, at any desired angle.

Step 4 -

OASPL

Step 5 -

Step 6 —

F S + 10 logy, (py/py)® + 10 log,, (A;/1?) + 20 log, »(P,/Prg,)

(Eq.2)

Calculate the overall sound pressure level (OASPL). frjom:

Calculate the one-third octave-band spectral levels fjrom
Figures 5.4 to 5.11, using jet velocity (V,), temperature ratio

(T,/T,), nozzle diameter (D,) and the“angle (8,) as
follows:

Determine the Strouhal frequency adjustment factor ¢

from Figure 5.3

and then calculate (fD,/gV,)“for each one-third octavg-band centre

frequency. Enter Figures 5.4 to 5.11 with the values

of (fD,/&V;),

and values of (T,;/T,) at<the values of log,, (V,/a,) and 6, to
determine values of one=third octave-band relative sound pressure

level (SPL - OASPL)-.

For values other.than those specified in Figures 5.3
interpolation_on angles (8,), and on the values for 1
log,, (V,/a ) and (T,/T,) is recommended.

to 5.11, linear
pg,, (fD;/EV;),

From thée/values of OASPL and one-third octave-band rellative sound

pressure level (SPL - OASPL) as derived in steps 4 an

5,
respectively, calculate values of one-third octave—baﬁd SPL.

These values represent the free-field jet noise spectjum at position

Note 1

(r, 8;) 1n a loss free atmosphere.

The spectra of Figures 5.3 to 5.11 satisfy the following condition

.
w

n

o w

log,, 10 0-1(sPLy - oasPL) | _

(Eq.3)

- 13 -
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5.1

5.2

(Continued):

Note 2

Flight Cq

Forward ¢
environme
in jet mi
wind tunr
than test
differenc
engine bz
upon dats
general,
extremes

The methg
obtained

For a jet
ratio ang
calculat

over the range of one-third octave-band frequencies defined by

-1.6 slog,, (fD;/§Vy) <1.6

Accuracy of Prediction

(Eq.4)

data on which it is based varies between 2 dB at low
to +4 dB at very high jet velocities. The accuraeyoot
one-third octave (SPL- OASPL) varies between +l1 @B'at
near the peak of the jet-noise spectrum. However, the
apply to the extreme cases. For all normal (purposes,
of predictions will be accurate within 3, dB at all fy

ndition:

peed has the effect of reducing the:shear between the
nt.
xing noise in going from static<to flight conditions.
el testing has, in general, produced a greater reduct
s carried out on ground based engine facilities and a
es may be associated with-contamination by other sour
sed and aircraft instalTation induced. The method he
obtained on a groundbased engine flight simulation

d relies upon(a)modification of the static sound pres
in Section 5.0.

of given velocity V, (corresponding to a given nozzle
| temperature), moving at a flight speed V,, the methog
on is as follows:

Step 1 -

Ces,
rein is based
Facility.
the results of applying the prediction method fall between the
represented by some model tests and some aircraft flight tests.

The accuracy of prediction of QOASPI at (r, 8 ) relative to the model

jet velocities
" prediction of
frequencies
pse limits

the majority
requencies.

Jet and its

Work in the 1970s produced conflicting evidence ¢n the change

Model scale
on in level
rcraft. The
both

In

sure levels

pressure
of

Calculate the free field static overall sound pressure

Tevels

(OASPL) as a function of angle to inlet axis, as outlined in steps 1
to 4 of Section 5.1, corresponding to the exhaust conditions.

- 14 -
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5.2 (Continued):

Step 2 - Calculate the OASPL in flight at any desired angle 6, (20° < 6, <

160°):

—wheres

with:

m(e,)

M=V, /a

o

aircraft reference point*

Vs

AOASPL(6;) =10 logm{(v—_—v-
bl a

m(0,)
"

relative velocity exponent'm(e,) , a functi
between the engine inlet-axis and the line
aircraft reference point-and the observer

in sketch, is given_ in“Figure 5.12 and Tab

Aircraft flight Mach number or ratio of ai

(Eq.5)

M, cos e)} 5

on of angle 6,
connecting an
location, shown
le 5.12

rspeed

V, to speed of sound a, at the ambient temperature

of the surrounding medium

angle between direction of aircraft motion
of sound-propagation (see sketch below)

fully expanded jet velocity, corresponding
given pressure ratio and total temperature
being the same in static and in flight, se

and direction

to a
of the jet and
e Equation 1

ight path

flight track

observer

- 15 -
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5.2 (Continued):

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) alternative reference points may have to be selected
(e.g., center of the engine nacelle, or centroid of the nozzle exits
for airplanes powered by more than one engine, etc.)

Step 3 - Calculate the one-third octave-band sound pressure levels in flight
for any desired angle 6,, following steps 5 and 6 of Section 5.1,

in flight as
derived in step 2 of this section and that the Strophal number

(£D4/&Vy) (Eq.6)

has to be replaced by one based on relative jet velpcity (V, - V,),
that 1is:

[£D,/&(Vy - V,)] (Eq.7)

The value of ¢ is still” obtained from Figure 5.3 for the
corresponding value-of the jet velocity V,.

NOTE: Accuracy of Prediction
The accuracy)of AOASPL(6,) prediction, as ca]cu]atex in step 2 for
any angle‘@,, is a function of velocity ratio, and pay be obtained
from the following formula:

+8 [AOASPL(8,)] = +[8m(8,)] x {10 log,, [V;/ (Vs - v,) 1} (Eq.8)

sm(e,) being the uncertainty T m(e)-

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 exceed xl unit (see Figure 5.13). This comment
does not apply to wind tunnel model data where the exponent m(6,) is
always greater than +l unit over the angular range 60° < 6, < 130°,
and by as much as 0 to 5 units.

5.3 References:

For the derivation and substantiation of the static prediction method,
references may be made to the following documents:

- 16 -
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5.3.1

5.3.2

5.3.3

5.3.4

5.4

Boeing Document No. D6 - 42929 - 1, Empirical Jet Noise Predictions for
Single and Dual Flow Jets and without Suppressor Nozzles Volume 1. Single

flow Subsonic and Supersonic Jets.

C. L. Jaeck, S. J. Cowan, R. P. Gerend.

SNECMA Document YKA No. 5898/76, Comparaison des spectres 1/3 d’octave de
bruit de jet mesurés en chambre sourde A 17 du CEPr aux diverses
propositions de révision de 1°ARP876 de 1a SAE.

SNECMA Document YKA No. 5317/75, Révision de la méthode de prévision du

bruit

des jets (SAE ARP876).

For ipti HH i fic 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 the’ I
Flight Effects on Aircraft Engine Exhaust Noise," by RD G.

M. Bearthelot.

Parties

Contributing to Formulation of Section 5:

Department of Transportation, USA

Douglas
General

Aircraft Company, USA
Electric Company, USA

Hamilton Standard, USA

Lockheed California Company, USA

Lockheed Georgia Company, USA

Nationa|l Aeronautics and Space Admindstration, USA
Nationall Gas Turbine Establishmept, United Kingdom

Pratt &

Whitney Aircraft Company, USA

Rol1s-Rpyce Limited, United Kingdom

SNECMA,

France

The Boefing Company, USA

nvestigation of
Hoch and

- 17 -
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FIGURE 5.10 - One-third Octave-band Normalized Spectra 8, = 150°
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FIGURE 5.11 - One-third Octave-band Normalized Spectra 6, = 160°
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FIGURE 5.13 - Estimated Range of Uncertainty Associated with Calculated Values
of A OASPL (8,) for Various Jet Velocity Ratios and Uncertainty
inm (6,)
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SAE ARP876 Revision D

TABLE 5.1 - Variable Density Index o
(Reference Figure 5.1)

Tog,q (V,/a.) 0
-.4 -.90
-.3 -.58
-.25 -.41
-.20 -.22
-.15 0
-.10 +.22
- .05 +.50
¢ +.77
«.05 +1.07
.10 +1.39
+ .15 +1.74
+.20 +1.95
+.25 +2.0
+.30 +2.0
+ 38 +2 0
+.40 +2.0

NOTE: The values of o in this table have been

derived from rig data where jet
temperature T, varied from 288 K to
1100 K.
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SAE ARP876 Revision D
TABLE 5.3
Values of § (See Figure 5.3)

(V,/a,) 0.< 120° 130° 135° 140° 150° 1607
1.4 1.0 1.0 1.0 1.0 1.0 1.0
1.5 1.0 1.0 1.0 1.0 NO 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 0.7¢
1.8 1.0 1.0 1.0 0.99 0.87 0.6¢
1.9 1.0 1.0 1.0 0.95 0.775 0.54
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 0.4
2.3 1.0 0.985 0.895 0.81 0.61 0.445
2.4 1.0 0.970 0.88 0.795 0.595 0.43
25 1.0 0.955 0.87 0.79 0.59 0.430

For (V,/a,) < 1.4, £ = 1.0 for all angles
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SAE ARP876 Revision D

TABLE 5.4 - Gas Turbine Jet Exhaust Noise Prediction
0, Angle to Intake < 90 Degrees

One-Third Octave-Band Sound Pressure Level

log,, (fD,/EV,) (SPL-0ASPL) dB

-1.60 -32.95  -30.09  -30.12  -30.33  -30.23
156 3675 2754 27--88———28-15——28-04-
-1.40 -28.53  -25.83  -25.71  -25.95  -25.81
-1.30 -26.35 -23.79  -23.62  -23.83  -23.63
-1.20 -24.31  -21.77  -21.66  -21.85 _-21.57
-1 10 -22.04  -19.85  -19.80  -19.73.{<-19.41
-1 00 -19.65  -18.09  -18.02  -17453” -17.23
-€ 90 -17.95  -16.64  -16.39 ,-18J73  -15.47
-C 82 -16.50  -15.24  -14.86 ,%14.19  -14.00
-C 7% -15.16  -13.80  -13.43) vV -12.94  -12.84
-¢ 60 -14.13  -12.57  -12040° -11.91  -11.81
L 52 -13.05  -11.79  X¥52  -11.23 -11.23
Ny -12.26  -11.30 ,.(~11.03  -10.93  -10.83
-2 32 -11.84  -10.99> -10.62  -10.93  -10.83
-t 2t -11.42  -1100  -10.88  -11.07  -10.84
-¢ i -11.35 @712 -11.10 -11.24  -11.13
e -11.35~ -11.40  -11.42  -11.53  -11.63
T -11.46~ -11.84  -11.94  -12.04  -12.20
t2¢ -10,78  -12.44  -12.60 -12.71  -12.86
K1 s2.24 -13.16  -13.37  -13.51  -13.62
C & -12.79  -13.96  -14.23  -14.40  -14.49
¢ 5¢ -13.39  -14.79  -15.14  -15.36  -15.46
c 60 -14.08  -15.68  -16.13  -16.40  -16.62
070 -14.90  -16.63  -17.20  -17.55  -17.93
0 80 -15.81  -17.64  -18.33  -18.75  -19.33
0,90 -16.80  -18.70  -19.51  -19.99  -20.75
100 -17.85  -19.80  -20.72  -21.23  -22.13
1.10 -18.94  -20.95 -21.96 -22.48  -23.45
1.20 -20.10  -22.13  -23.24  -23.74  -24.78
1.30 -21.32  -23.36  -24.55  -25.03  -26.12
1.40 -22.60  -24.63  -25.91  -26.34  -27.45
1.50 -23.94  -25.95  -27.29  -27.68  -28.79
1.60 -25.35  -27.31  -28.72  -29.03  -30.13
(T,/T.) 1.00 2.00 2.50 3.00 3.50
10g,0 (V,/a,) <0.400  <0.400  <0.400  <0.400  <0.400
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SAE ARP876 Revision D

TABLE 5.5 - Gas Turbine Jet Exhaust Noise Prediction
6, Angle to Intake = 100 Degrees

One-Third Octave-Band Sound Pressure Level

log,, (fD,/EV,) (SPL-OASPL) dB

-1.60 -33.07 -31.77 -31.12 -31.11 -30.96
-1.50 -30.81 -29.34 -28.67 -28.79 -281 66
-1.40 -28.56 -26.95 -26.34 -26.50 =26} 33
-1.30 -26.37 -24.67 -24.12 -24.31 -2406
-1.20 -24.32 -22.66 -22.09 -22,:31 -21{95
-1.10 -22.13 -20.17 -20.13 -20r25 -13[ 65
~1.00 -19.87 -17.47 -18.22 ~18.10 -17[26
-0.90 -18.06 -16.26 -16.47 -16.04 -15[ 44
-0.80 -16.53 -15.13 -14:83 -14.21 -13}.91
-0.70 -15.28 -13.58 -13.33 -12.82 -12| 67
-0.60 -14.15 -12.45 ~12.20 -11.69 -11/.85
-0.50 -13.37 -11.47 -11.42 -10.91 -11].26
-0.40 -12.39 -10.78 -10.82 -10.61 -10].87
-0.30 -11.67 =10.57 -10.72 -10.61 -10|.66
-0.20 -11.27 -10.58 -10.73 -10.76 -10/.81
-0.10 -11.27 -10.92 -10.97 -11.16 -11.11
0.0 -11:27 -11.47 -11.42 -11.71 -11].56
0.10 <11.40 -12.09 -11.99 -12.33 -12.15
0.20 -11.74 -12.82 -12.70 -13.04 -12.86
0.30 -12.23 -13.63 -13.52 -13.82 -13.67
0.40 -12.80 -14.49 -14 .41 -14.68 -14.59
0.50 -13.42 -15.38 -15.33 -15.63 -1§.61
0.60 -14.12 -16.32 -16.32 -16.68 -14.78
0+70 -14.93 -17.30 -17.37 -17.83 -18.07
080 -15.84 -18.33 -18.48 -19.03 -19.43
0.90 -16.83 -19.39 -19.63 -20.27 -2(.81
1.00 -17.87 -20.48 -20.82 -21.51 -24.16
1.10 -18.97 -21.59 -22.04 -22.75 -23.48
1.20 -20.13 -22.73 -23.30 -24.02 -24.81
1.30 -21.35 -23.90 -24.60 -25.31 -26.14
1.40 -22.63 -25.10 -25.93 -26.62 -27.48
1.50 -23.97 -26.33 -27.31 -27.95 -28.82
1.60 -25.37 -27.58 -28.72 -29.31 -30.16
(1,/1.) 1.00 2.00 2.50 3.00 3.50
Tog,e (V,/a,) <0.400 <0.400 <0.400 <0.400 <0.400
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SAE ARP876 Revision D
TABLE 5.6 - Gas Turbine Jet Exhaust Noise Prediction
6, Angle to Intake = 110 Degrees
One-Third Octave-Band Sound Pressure Level
log, (FD,/EV,) (SPL-OASPL) dB

-1.60 -34.57 -32.82 -32.12 -32.30 -32.03
156 3212 3026 29-55 3012 29.36
-1.40 -29.69 -27.74 -27.08 -28.14 24.64
-1.30 -27.27 -25.32 -24.72 -26.00 224.03
-1.20 -24.87 -23.10 -22.58 -23.43 -21.69
-1.10 -22.40 -20.93 -20.41 -20.73 -19.26
-1.00 -19.97 -18.82 -18.22 -18.10 -16.83
-0.90 -18.18 -16.93 -16.26 -16.04 -13.17
-0.80 -16.57 -15.24 -14.54 -14.31 -13.82
-0.70 -14.98 -13.84 <13.714 -12.81 -1%2.64
-0.60 -13.75 -12.60 <12.10 -11.70 -11.52
-0.50 -12.67 -11.53 -11.22 -11.05 -11.03
-0.40 -12.08 -10.93 -10.63 -10.70 -10.64
-0.30 -11.57 -10263 -10.52 -10.50 -10.53
-0.20 -11.45 =10.54 -10.67 -10.52 -10.69
-0.10 -11.39 -10.83 -10.92 -10.98 -11.02
0.0 -11:37 -11.33 -11.32 -11.70 -11.53
0.10 ~-11".50 -11.90 -11.96 -12.40 -1%2.24
0.20 -11.83 -12.56 -12.79 -13.16 -13.12
0.30 -12.32 -13.32 -13.73 -13.99 -14.11
0.40 -12.90 -14.15 -14.74 -14.91 -15.18
0.50 -13.51 -15.05 -15.76 -15.95 -16.29
0.60 -14.21 -16.04 -16.81 -17.14 -17.48
0.70 -15.03 -17.13 -17.93 -18.44 -18.76
0.80 -15.94 -18.26 -19.08 -19.81 -20.08
0.90 -16.93 -19.41 -20.25 -21.18 -2]1 .42
1.00 -17.97 -20.54 -21.42 -22.50 -2p.73
1.10 -19.06 -21.65 -22.59 -23.77 -24.02
1.20 -20.22 -22.78 -23.77 -25.03 -2p.32
1.30 -21 44 -23 91 -24 .97 -26.29 -26.62
1.40 -22.72 -25.04 -26.17 -27.53 -27.92
1.50 -24.06 -26.19 -27.39 -28.77 -29.22
1.60 -25.47 -27.34 -28.62 -30.00 -30.53
(T,/T.) 1.00 2.00 2.50 3.00 3.50
log, (V,/3,) <0.400 <0.400 <0.400 <0.400 <0.400
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TABLE 5.7 - Gas Turbine Jet Exhaust Noise Prediction
0, Angle to Intake = 120 Degrees

One-Third Octave-Band Sound Pressure Level

log,, (fD,/EV,) (SPL-0ASPL) dB

-1.60 -36.37 ~33.75 -33.11 -32.50 -32.27
-1.50 -33.31 ~31.00 -30.17 -29.66 -29.]32
-1.40 -30.18 -28.25 -27.25 -26.97 22644
-1.30 -27.27 -25.65 -24.51 -24.50 -23.l66
-1.20 -24.82 -23.35 -22.16 -22.52 -21.[11
-1.10 -22.49 -21.13 -19.75 -20230 -18.|56
-1.00 -20.27 -18.95 -17.31 <17.80 -16.[06
-0.90 -18.50 -16.88 -15.31 -15.63 -13 /99
-0.80 -16.87 -15.06 -13.563 -13.82 -12 31
-0.70 ~15.29 -13.66 -12.32 -12.51 -1117
-0.60 -14.05 -12.43 =11.29 -11.28 -10J45
-0.50 -13.07 -11.35 -10.61 -10.60 -1006
-0.40 -12.28 -10v76 -10.31 -10.30 -9197
-0.30 -11.77 =10.36 -10.31 -10.30 -10417
-0.20 -11.53 -10.37 -10.47 -10.46 -10J71
-0.10 -11.35 -10.65 -10.98 -10.88 -11440
0.0 -1x27 -11.16 -11.71 -11.50 -12]27
0.10 ~11.39 -11.79 -12.56 -12.29 -13/38
0.20 =11.71 -12.55 -13.54 -13.23 -14167
0.30 -12.17 -13.42 -14.61 -14.30 -16]06
0.40 -12.72 -14.38 -15.74 -15.46 -17]49
0.50 -13.31 -15.41 -16.87 -16.69 -18)89
0.60 -14.01 -16.55 -18.03 -18.04 -20]29
0.70 -14.82 -17.79 -19.24 -19.50 -21172
0.80 -15.74 -19.08 -20.48 -21.02 -23117
0.90 -16.73 -20.39 -21.74 -22.56 -24162
1.00 -17.77 -21.67 -23.00 -24.10 -26107
1.10 -18.87 -22.94 -24.28 -25.63 -27151
1.20 -20.02 -24.21 -25.58 -27.17 -28196
1.30 =223 =25.49 =26.88 =28773 =30-41
1.40 -22.52 -26.78 -28.21 -30.31 -31.86
1.50 -23.87 -28.08 -29.55 -31.90 -33.31
1.60 -25.27 -29.38 -30.90 -33.50 -34.77
(T,/7.) 1.00 2.00 2.50 3.00 3.50
log,, (V,/a.) <0.400 <0.400 <0.400 <0.400 <0.400
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SAE ARP876 Revision D
TABLE 5.8 - Gas Turbine Jet Exhaust Noise Prediction
0, Angle to Intake = 130 Degrees
log,, (fD,/EV,) One-Third Octave-Band Sound Pressure Level (SPL-0ASPL) 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 -29.91 -29.53 -29.55 -29.57 -29.58 -30.18 -30.18 -30.19
-1.40 12926 8- 669 654 6 6 659 65 -26.93 -26.94
-1.30 126.50 -25.23 -23.66 -23.65 -23.67 -23.69 -23.70 23074 -23.74 -23.75
-1.20 24.17 -22.51 -21.01 -21.04 -21.05 -21.08 -21.09 +20.6p -20.69 -20.70
-1.10 22.02 -19.97 -18.51 -18.01 -18.02 -18.04 -18.06 -17. -17.45 -17.46
-1.00 20.00 -17.63 -16.16 -14.65 -14.66 -14.69 -14.70 -14. 14 -14.14 -14.15
-0.90 18.24 -15.60 -14.14 -11.87 -11.88 -11.90 -12.58 -11. -11.37 -11.50
-0.80 116.60 -13.82 -12.35 -10.05 -10.06 -10.08 -41.15 -9. -9.51 -9.70
-0.70 115.01 -12.34 -10.87 -9.36 -9.37 -9.39 -9.71 -8.74 -8.74 -8.75
-0.60 113.77 -11.21 -10.15 -9.15 -9.16 -9<19 -8.70 -8.6f -8.64 -8.65
-0.50 112.50 -10.43 -9.76 -9.25 -9.27 =9, 29 -9.00 -9.0# -9.06 -8.95
-0.40 111.61 -10.14 -9.85 -9.94 -9.95 -9.97 -9.78 -10. -10.21 -10.23
-0.30 110.99 -10.14 -10.17 -10.87 -10.88 -10.90 -10.91 -11. -11.45 -11.46
-0.20 110.80 -10.21 -10.84 -11.92 -11.93 -11.95 -11.97 -12. -12.64 -12.65
-0.10 110.84 -10.70 -11.73 -13.25 -13.26 -13.23 -13.29 -14. -14.15 -14.16
0.0 111.00 -11.44 -12.76 -14.66 =14.67 -14.69 -14.70 -15.7¢ -15.74 -15.75
0.10 111.35 -12.40 -13.89 -16.08 -16.08 -16.08 -16.02 -17. -17.31  -17.25
0.20 111.91 -13.54 -15.06 -17.54 -17.50 -17.45 -17.20 -18. -18.88 -18.68
0.30 112.61 -14.80 -16.27 £19.01 -18.92 -18.80 -18.31 -20.4¢ -20.45 -20.06
0.40 113.38 -16.13 -17.50 =20.50 -20.36 -20.15 -19.41 -22. -22.03 -21.45
0.50 114.18 -17.46 -18.75 -22.00 -21.80 -21.50 -20.58 -23. -23.60 -22.89
0.60 115.02 -18.83 -20.04 -23.51 -23.26 -22.85 -21.79 -25.18 -25.17 -24.37
0.70 115.93 -20.27 =21.36 -25.03 -24.73 -24.19 -23.01 -26. -26.73 -25.86
0.80 116.89 -21.73 -22.69 -26.56 -26.21 -25.53 -24.24 -28. -28.30 -27.36
0.90 17.92 -23:21 -24.03 -28.11 -27.69 -26.86 -25.47 -29.9/ -29.87 -28.86
1.00 119.00 724566 -25.36 -29.66 -29.17 -28.19 -26.71 -31.5/ -31.44 -30.35
1.10 120.12 =26.09 -26.67 -31.22 -30.66 -29.53 -27.95 -33. -33.02 -31.83
1.20 121.30 -27.53 -27.97 -32.79 -32.16 -30.87 -29.19 -34. -34.60 -33.31
1.30 22-.52 -28.96 -29.27 -34.37 -33.66 -32.20 -30.44 -36.3B -36.19 -34.78
1.40 23-80 -30.39 ~-30 87 -35.96 -35.16 -33.83 -31.69 -37.9P -37.77 -36.24
1.50 -25.12 -31.83 -31.86 -37.55 -36.67 -34.87 -32.95 -39.61 -39.36 -37.70
1.60 -26.50 -33.26 -33.15 -39.16 -38.18 -36.20 -34.21 -41.24 -40.95 -39.16
(T,/7,) 1.00 2.00 2.50 3.00 3.00 3.00 3.00 3.50 3.50 3.50
1og, (V,/a,) <0.400 <0.400 <0.400 <0.125 0.150 0.175 0.200 <0.150 0.175 0.200
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SAE ARP876 Revision D
TABLE 5.9B - Gas Turbine Jet Exhaust Noise Prediction
0, Angle to Intake = 140 Degrees
One-Third Octave-Band Sound Pressure Level
log,, (fD,/EV,) (SPL-0ASPL) dB

-1.60 -32.16 -32.14 -31.97 -31.89 -31.75
-1.50 =Z8.71 =Z8.69 =Z28.52 ~28.4% =28 B0
-1.40 -25.31 -25.29 -25.12 -25.04 ~24)P0
-1.30 -22.06 -22.04 -21.87 -21.79 -21.p5
-1.20 -19.13 -19.11 -18.94 -18.86 -18.y2
-1.10 -16.03 -16.02 -15.85 ~15.71 -15.p3
-1.00 -12.86 -12.84 -12.77 -12.69 -12.p5
-0.90 -10.32 -10.34 -10.68 -10.75 -11.p8
-0.80 -8.67 -8.77 -9.28 -9.69 -10.p7
-0.70 -8.06 -8.24 -8.%57 -9.29 -9.B5
-0.60 -8.16 -8.24 -8.37 -8.58 -9.13
-0.50 -8.76 -8.64 -8.57 -8.59 -8.45
-0.40 -10.82 -10.70 -10.03 -9.96 -9.p2
-0.30 -12.88 -12.66 -12.39 -11.61 -11.17
-0.20 -14.67 -14.55 -14.18 -13.39 -12.B1
-0.10 -16.61 516.43 -15.99 -15.16 -14.B9
0.0 -18.56 -18.35 -17.78 -16.89 -15.B5
0.10 -20.47 -20.27 -19.56 -18.64 -17.p4
0.20 -22.:37 -22.19 -21.33 -20.39 -19.112
0.30 =24.27 -24.12 -23.10 -22.13 -20.72
0.40 -26.18 -26.05 -24.88 -23.86 -22.B2
0.50 -28.11 -27.99 -26.70 -25.59 -23.p2
0.60 -30.07 -29.94 -28.56 -27.30 -25.p4
0.70 -32.04 -31.90 -30.44 -28.99 -27.117
0.80 -34.03 -33.86 -32.34 -30.67 -28.B1
0.90 -36.00 -35.81 -34.22 -32.37 -30.444
1.00 -37.96 -37.75 -36.09 -34.10 -32./06
1.10 -39.90 -39.67 -37.93 -35.84 -33.67
1.20 -41.83 -41.58 -39.76 -37.60 -35.R7
136 4375 4349 4158 3936 36-188
1.40 -45.66 -45.39 -43.40 -41.13 -38.48
1.50 -47.57 -47.27 -45.20 -42.91 -40.07
1.60 -49.46 -49.15 -46.99 -44.70 -41.66
(7,/7.) 3.50 3.50 3.50 3.50 3.50
log,, (V,/a,) <0.100 0.125 0.150 0.175 0.200
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TABLE 5.12A - Relative Velocity Exponent m (Gi)v

6; degrees m (6;)

20 1

30
40
50
60
70
80
90
100
110
120
130

NS D~ O 0O OO0 O O

O N O W /o H»

TABLE“5.12B - Relative Velocity Exponent m (8;)

m (8;)

0; degreesiV4/a, 1.10 1.18 1.33 1.47 1.62
140 10.2 9.8 9.1 8.5 7.8
150 10.4 9.8 8.7 7.6 6.5
160 10.5 9.5 7.9 6.3 4.7
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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 supersonic jet contains shock waves which interact
with jet turbulence to produce a source of noise in addition to that due to
the turbulent mixing process. While shock-associated noise may be reduced by
attention to nozzle design, this source of noise is always present with a
circul - i i ch of

Reference 6.1, definitive model and full scale experimental work

nces 6.2 and 6.3) have provided the following procedure for estimating
adband shock-associated noise content. Taken togethern with the mixing
rediction procedure of Section 5, this enables<the prgdiction of total
rom the shock-containing under-expanded jet to“be exedquted. The
provides for the estimation of the one-third octave band sound

e levels, which may be combined with the~sound pressune levels

d from Section 5 by adding the squared’sound pressuregy.

method
pressu
obtain

Shock waves in a choked jet are responsible for a source of hroadband noise
which is a function of nozzle pressure ratio and nozzle diamdter. The method
of estimation relies upon the derivation of the one-third octlave band sound
pressurle level at any angle from thelinlet axis 6, and frequepcy f from the

formulq:
x-1 LX-(1+1)
SPL(r]6,,f: =1C log [1+[4/(xb)] E {[C;(0)]? z [1/ (0g;,)
i=1 s=0
xicos(eq;,)] [sin(boqis/Z)]})
+10 log,, { (P;/r)2p¥] +10 log,, (be) +H,(0) +148.8 (Eq.9)

where:
qs=[1.7i/(yﬂag](1-o.06{s+[(i+1)/2ﬂ)(1-[0.7(V/agTineﬂ)

NOTE 1: Symbols in Section 4 apply and,

H (o) = group source strength spectrum, dB master spectra given
in Figure 6.1 and

Table 6.1
C,(a) = correlation coefficient spectrum
x = number of shocks (assumed to be 8)
b = 0.2316 (for one-third octave-band proportional bandwidth)
S = shock index; rad/s
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6.1 (Conti

NOTE

NOTE B:

6.1.1 Ove
wid
be
on
als
in

™~
.o

nued):
o = dimensionless frequency parameter = 2xfl/a,
B = nozzle pressure ratio parameter = (Mj? - 1)'/2
y = exponent of nozzle pressure ratio parameter p
1 = 1.1 g D,, metres

Equation 9 requires two master spectra as inputdfo
These two master spectra, H, (o) and C,(0), are)presented in

Figure 6.1 and the values are also tabulated for c
Table 6.1. The C,(c) spectrum can be used‘for hea
unheated jet conditions. The H (o) spectyum shown
used for heated jets only. A heated jet is define
having total temperature ratio greater than 1.1.

the prediction.

nvenience in

ed as well as

here should be
here as a jet

For prediction at

unheated conditions, the H (o) spectrum presented Here should be

reduced in level by 2 dB at allcvalues of o.

Moreover, for the heated and‘unheated cases, the e
nozzle pressure ratio parameter p takes the follow

p < 1.0, heated and unheated jets: y = 4
B > 1.0, heated jet:  y = 2
p > 1.0, unheated jet: y =1

all Sound Pressure Level Prediction: It is recommend
band or overall sound pressure levels for shock-assoc

xponent y of the

ng values:

bd that the
iated noise should

redicted strictly by adding the squared pressures from individual

third oétave SPLs. However, an approximate predictio
be obtained by using the following empirical relatio
pendent of angle 6,):

Heated jet, p < 1.0:

n of OASPL can
nships (which are

OASPL (dB)

157.5 - 20 log,, (z/Dy) + 40 log,, B

Heated jet, p > 1.0:

\4

OASPL (dB)

157.5 - 20 log,, (r/D;) + 20 log,, B

Unheated jet, g < 1.0:

h-J

OASPL (dB) = 155.5 - 20 log,, (r/Dy) + 40 log,, B

(Eq.10)

(Eq.11)

(Eq.12)
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TABLE 6.1 - Master Spectra H,(o) and C,(0)

o= w 1/a, H.(o), dB C,(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
2.0 -3.5 0.74
S.U -U.7 V.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 -3.5 050

10.0 -5.5 0.45
20.0 -11.8 0.28
40.0 -18.7 0.12
68.0 -23.8 0.02
70.0 -24.0 0.02

6.1.1 (Contfinued):
d. Unheated jet, p > 1.0:

OASPL (dB) =455.5 - 20 log,, (z/D;) + 10 log,, B (Eq.13)

6.1.2 Angullar Rangeiof Application: For unheated jets the method is accurate for
8, < [130°. “For larger angles detailed 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 milxing noise
contnibution alone.

For heated jets (total temperature ratios greater than approximately 1.1)
the present prediction method can be applied for all 6, < 150°. 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.
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6.2 Flight Conditions:

6.3

6.4

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.

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:

¥ |= angle between airplane flight path and engine thrus
Referenges:
6.1 Harper-Bourne, M. and Fisher, M. J., The Noise from Shoc
Supersonic Jets. AGARD Proceedings CP-131, September 19
6.2 Tapna, H. K., An Experimental Study of Jet Noise, Part ]
Aspociated Noise.« Journal of Sound and Vibration, Vol.
6.3 Chppter 4 (Shock-Associated Noise) of Technical Report A

Parties| Contributing to Compilation of Section 6:

General| ETectric Company, USA

SPL(f1ighey = SPL(gracicy — 40 log,, (1 - M,cos &)

M |= aircraft Mach number
¢ |=86, -V

6,|= angle to engine intake axis, or (180"- ¢;) where in{
axes are dissimilar

(Tpe Generatdon, Radiation and Prediction of Supersonic
Vol. I.) Prepared by Lockheed-Georgia Company, October

(Eq.14)

Lake and jet

t axis

k Waves in
73.

I: Shock
50, No. 3, 1977.

FAPL-TR-78-85.
Jet Noise -
1978.

Lockheed-Georgia Company, USA

Rol1s-Royce Limited, United Kingdom

SNECMA, France

The University of Southampton, United Kingdom
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7.1

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. Intflight or in-flow (observer on airplane or in a wifidtunnel)
Scope

This jet noise prediction procedure was developed-for nozzle area ratio, gas
conditions, and aircraft Mach numbers in the fdllowing ranges of primary and

secondlary jet ratios:

The method assumes(that the jet mixing process can be subdiy
noise|producing regions, each having its own frequency range.
three [components: have to be added to obtain a prediction of
level [in a specified frequency range. For best accuracy, th
shoulqd correspond to a mixed-jet Strouhal number range of

.5 <A/A < 3.5
2.0 <W/W <6.5

6 <V,/V <0.95
.4 <V, /a, <1.0
35 < T, /T, < 0.5
<0.3

8

0.1<S,< 40

where:

S, = D,/ (V,~V,)

ided into three
However, all
total jet noise
e frequency range

(Eq.15)
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7.1 (Continued):

The formulae in Tables 7.1, 7.2, and 7.3 cover an angular range' from 60° to
160° (n/3 to 8n/9 radians). For locations outside the specified angular
range, the limiting angles of »/3 of 8x/9 radians are used in the formulae.
The source location procedure in 7.6.3 gives the correct sound propagation
distance for any location of the receiver.

The coaxial jet noise prediction method was formulated for the general case
of a coaxial jet in parallel ambient flow, and, therefore, does not require
correction for additional "static-to-flight" effects.

'NOTE: Throughout Section 7 angles referred to are in radians,”npt degrees.
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TABLE 7.1 - Jet Noise Component Formulas

Parameter Primary Component Secondary Component Mixed Component
Definition
C t
1/3 0.8 L [(21)1og (FV) +(22)] [1og S -(Z3) 1og (FV) - (24)]? + (25) 1og (FV) + (Z6)
Source - -
Strength M‘( Dgps)o.c( Vp;_v.}o.c( VP;V‘}n, (V‘;V.)n‘{ V‘;V‘)l a, (VN;V.)“-( V.;V )1 2y
Function ° ° e ° ¢ Q °
(FV)
Velocity h.5,0,52.2 0.5+0.16, v, )2 0.2
Exponent (M} | s expi-10(6,-2.2)71, 6,52.2 (’a—;) o ozvs, OF
S, 2
o e+
Strouhal £D./ (DVPS) £0,/.(V,-V,) £DL/ (V,-V,)
P s "a m ‘a
Number (S)
Coefficients 2 2 2
(1) -18{(1.88,/x)-0.6] ~18((1.86,/%)-0.6] -30((1}86,/%)-0.6]
- - - 2 - - - 3 -
22) 18 -18[(1.88,/x) ~0:6] 14 -8[(1.86,/%) -0.6] - _4("2 Vs)_n“l.gem/ﬂ)_o_s]a
o
a,\]( 1.86, _
*30[0.6-log 1+Tp)](-——-n 0.6)
0 -0.7 1-0.4[(p.86 -0.6]2
) [( o/ ) ]
- - - - 2 - - 2
(24) _0.1_0.75(v :, V,) 0.6-0.5[(1.88,/x)-0.6] 0.44-0.5/exp[(4.50,/%) -4]

(4

X1(1.80,/%)~0.6]°

+0.8 [0 .6-109(1*%:)]

s3]

\/ v, 1+A
+0.2 —£-0.7-2-0.21o0g =
a, a, A,

+0.05 (XBPR) exp[-5(0,-2.4)2]

- 61 -



https://saenorm.com/api/?name=dc10d22b7e2d1a098171ee9a7775ab13

SAE ARP876 Revision D

TABLE 7.1 - Jet Noise Component Formulas (Continued)

Parameter Primary Component Secondary Component Mixed Component
Definition
(25) 50 +20exp[-(0,-2.6)32] 51 +5460,/x 34 +816, /=
-9[(1.88,/%)-0.6]> -20[(1.88,/%)-0.6]3
(z6) - (8 - 2 99 + 360 /x o o 2
—94 +d6expl=(8,=2 5)]2 . 1683780, n+5V,(V,-V,) /&l
-15[(1.86 -0.6]¢
26J0.6-log[1*—3-:)] [ o/ ™) ! -exp[~5(0,11.8)2]
- *SV,(V,-V,) /a2 v

exp [5(08,-2.3)2] W7 n1—0.4_',eexp(-o,7lsm-o'8|)
+(DSPL) + (EX) +(DSPL) + (EX) a, b
/exp|8(6,-2.4)2]

+0.8(XBPR) ¢xp(0,-2.3-V /a,)
+(DSPL) + (EX)

NOTE: DVPS = |V, - (V,A,+V,A,)/AA,| LetDVPS = 0.3 m/s if DVPS < 0.3|m/s

:

= (W,/Wy - 5.5 Let XBPR =)0 if XBPR < 0 and let XBPR = 4 if XBPR > 4.
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TABLE 7.2 - Normal Adjustment (DSPL)

Effects

Primary Component

Secondary Component

Mixed Component

Ambient Pressure

+20 log (P,/ P;g,)

+20 log(P,/ P;g,)

+20 log (P,/ P;g,)

Density

[Ps*Pa)

fZC .Lusl zpa }

Pa* P
20 lo m Ta
g( 2p, )

Spherical Divgrgence

+20 log (D,/1,)

+20log(D,/ ;)

+20log(D,/r,)

Geometric Nean-Field

- ]
10 log(l + - )

p
b=2D,+(Dya,/f)'/?

< L
10 log(l + = )

s

b=2D,+ (D,a,/f)?

i b
10 log(l + = )

bE2D,+ (Dya,/f)?

Acoustic NearqField

r f

a 2
+10 log 1+0.13( °)
P

a, \?
+10 log|1+0. 13( I',f)

a, \?
o
+10 log 1+0.13(zbf)

Atmospheric
Attenuation
Coefficient [AC(f)]

-lac(f) ]z,
f,=£f/(1-M,cosb)

-[AC(f,) ],
f.=f/(1-M,cos0,)

-[AC(f) )1,
=f/(1-M,cosf,)

NOTE:

AC(f) is obtained from ARP866A.
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TABLE 7.3 - Acoustic Excitation Adjustment (EX)

Parameter Primary Component Secondary Component Mixed Component
Definition
Excitation +5 (EXD) (EXPS) +2a,/ [V,(ZK) ] +(EXD) (EXS) (EXC)

Adjustment (EX)

Excitation Strouhal aaleaN 4 Jiz
\INL /7 OV ) L/ Vol
Number (S1) m! "m

Effectiveness exp(-SX), SX=50(S1-0.25Y(51-0.5))
5

(EXPS) SX=0 if 0.25<S81<0.

Spectral Shape
Factor (EXS)

2
S
s(EXPS)eXP['(log 2(31)+6100001)

Fan Duct Length

- 1/2
Factor (EXD) exp[0.6 - (ExA)*/?]

Directivity

a,/v,, if6_<1.4
Factor (EXC) o/ Va -

(a,/V,) [1-(1.8/%)(6,-1.4)] if®,>f1.4

Source Location
Factor (ZK)

T =03 (EXDI {EXPS)

NOTE: Exa = Distance 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 7.1 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 “

WAVE
NORMAL

FIGURE 7f1 - Schematic Coaxial Jet Noise Model in Wind Tunnel (oordinates

The calcpulation procedure predicts the one-third octave-band spund pressure
level (L) for each component of jet noise at any location. The total jet
sound pressure level is510 log of the sum of the time-mean-square sound
pressurefs from the three components, i.e.,

0.1L

L %10 log (10°%%% + 10°%1Fe 4100 '0x) (Eq.16)

where:

L,, L., and L, are the one-third octave-band sound pressure levels of the
primary, secondary, 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
jet noise generation and propagation in selecting the parameters to correlate
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
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7.2

7.3

(Continued):

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

transformation as described in 7.7.2.

a coordinate

Expressions for calculation of jet noise contain three principal groups:

a. The basic normalized one-third octave-band sound pressure level
assoc1ated wwth the shear 1ayer ve]oc1ty d1fference turbu]ent eddy

comve

b. No
de
ne

c. Ad
(T

Compone

Table
one-th

compong
diamet¢
Description of the calculation of the sound pressure level o
compong
providg
from e;
calcul;

explai

The she¢
nondime

the ai
the pr

The exponents in the shear 1ayer source strength function FV
scaling—o h
velocities.

ar-field effects, and atmospheric absorption (Table 7.

able 7.3)

O ) . - o D

mal adjustments to account for effects of ambient’\air
sity (or temperature), spherical divergence, geometri

ustments to account for the effects of internal acous

nt Sound Pressure Level Prediction:

.1 gives the basic formulae for calculation of the fr
rd octave-band sound pressure levels for the three je
nts. These levels are calculated at a distance of on
r from the corresponding source locations of each com

nt and the corresponding-calculation of mixed-jet par
d in Section 7.5. Angle 6 with subscript is the sount
ch component source.," For a given observer location,
tion of sound emission angles from the distributed so
ed in Section 757,

ar layer source strength function FV in Table 7.1 is
nsional shear layer velocity difference, eddy convect
plane forward speed (or equivalent airspeed in a wind
mary Jjet, the Mach number is included.

1)

pressure, air
t and acoustic

)

tic excitation

pbe-field

L noise
component-jet
onent.

f the mixed-jet
ameters are

] emission angle
the procedure for
irce locations is

8 function of
ion velocity, and
tunnel). For

provide the

sound-pres N angd-ambient-=

dependence and a weak Strouhal number dependence.

dimensionless

The veloc1ty exponents in Tab]e 7.1 have a strong directivity

Strouhal number S with subscript is specified separately for each jet
component using the shear layer velocity difference, the component-jet
diameter, and frequency.

Coefficients Z1 to Z6 in Table 7.1 are more directivity dependent than

Strouhal number dependent.
term, DSPL, and an acoustic excitation adjustment, EX,

and 7.3, respectively.

The expression for Z6 includes an adjustment
listed in Tables 7.2
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7.4 Sound Pressure Level Adjustments in Prediction:

7.4.1

7.4.1.

7.4.1.

Normal Adjustments:

DSPL

pressure adjustment is the same for all three components.
effect and spherical divergence are expressed for each component
separately.

1

Near-Field Adjustments:

For each component-source, the total normal adjustment
is the sum of all the adjustments listed in Table 7.2.

The ambient
The density

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.
eifher acoustic or geomefric near-field, the form of adj

sa

7.
2 At
Ta
pr
be
so
fr
ha
at

7.4.2 Acou

7.5

are
for

As a
Jet,
unex
sour

Mixed

The mi
mixed-
nozzle
second
modera

For

e for all three source components and is described(in
5.1

mospheric Attenuation: The atmospheric attenuation fo
pble 7.2 include Doppler frequency shift. For flyover i
pdictions, the received frequencies used in this proceq
bn Doppler shifted (see 7.7.2). In a wind tunnel, the
ind sources are stationary and the measdred frequencie
bquencies.
5 to be Doppler shifted and the sound propagation dist
rest has to be used.

stic Excitation Adjustments: ¢Adjustment of the sound
sult of acoustic excitation-iin the fan flow is given b
FX in Table 7.3.

consequence of the _increased mixing rate of an acoust
the axial distribution of jet noise sources is more c¢
cited jet (Reference 7.1). Empirical formulas for the
ce locations are-given in 7.6.3.

Jet Noise Component:

ked jet(region of a coaxial jet usually starts at appr
jet diameters downstream of the exit of the primary or

There is no clear boundary for the transition from 1
£y Jets into the mixed jet. For turbofan engines hav

istment is the
more detail in

rmulas in

hoise

fure have already
locations of the
5 are the source

To calculate atmospheric absorption, the measured frequency

ance through air

pressure level as
y the expressions

jcally excited
pmpact than in an
three jet noise

pximately three
the common-flow
Lhe primary and

ing

11y dominates the

wideband Jet noise level in the lTow-to- m1d -frequency region from takeoff to

cutback power settings.

The mixed jet is, in most practical

predominant component in coaxial subsonic jet noise.

cases, the

For a set of given primary and secondary jet exit gas conditions, the "fully"
mixed jet condition is defined by the following formulae:

Vp = (WV, W V,)/ (W, + W)

(Eq.17)
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7.5 (Continued):
The mixed jet total temperature;

Tn = (WpTp* Wy T,)/ (Wp* W)

(Eq.18)
The mixed jet density;
Pn = Pa/[RT,~0.5RV2/C,)] (Eq.19)
where:
R| = gas constant
c] = constant pressure specific heat of the mixed jet aff the mixed jet

temperature

The mixed jet area;

A, = AP Vi1 +(Wo/ Wo)l/ (Pie¥im) (Eq.20)

The mixed jet diameter;

Dm=(4Am/ﬂ)1/2 (Eq.ZI)
The mixed jet diametertis used to calculate the Strouhal number and
spherigal-divergence ‘for the secondary and mixed jet components of jet noise.

7.6 Special Features:

The cogxial Jet noise prediction method incorporates several |special features
that ane discussed in this Section.

7.6.1 NeariEield Effects: This procedureincludes—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 7.1, 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 lTow Strouhal numbers.
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7.6.1.1

7.6.1.2

Geometric Near-Field: Jet noise sources are distributed throughout the
Jjet flow field. The prediction method uses the effective center of a
source distribution for each jet noise component at a given frequency and
far-field radiation angle. When the observer (microphone) is close to
the jet, the acoustic field is simulated better by a 1ine source than a
point source. Transition from the near-field to the far field is made by
an empirical formula for mean-square sound pressure p® given by

p?e (D/1)%/[1+(b/1)] (Eq.22)

Equation 22 includes spherical divergence and geometnic pear-field
effects. Atmospheric absorption is calculated separatel

In|Equation 22, D is the effective diameter for<each component of the
jet, r is the distance from the apparent source’ to the observer, and b is
an|empirically defined source length provided in Table 7(2 for each
component. App11cat10n of Equation 22 to/calculate sound pressure level
yields 10 log (D/r)? for spherical divergence and -10 log[1 + (b/r)] for
a geometric near-field adjustment term.that, for a given|source length b,
?p roaches zero as distance r increases to infinity in the far-field
ipit.

For each frequency of interest, the empirical geometric near-field effect
is|calculated for each jet component (primary, secondary| mixed) in the
prediction method.

Acpustic Near-Field: (The mean-square sound pressure p®> in the near-field
and far-field is given by the following relation:

p¥=(A/1)%[1+0.13(A/1)?] (Eq.23)

where:

= a,/f is the wavelength of sound in ambient air 3t rest and the

constant (0.13) was determined empirically.

Application of Equation 23 to calculate sound pressure level y1e1ds
10 Tog (a/r)? for the spherical divergence and 10 log[1+0.13(1/r)?] for
the acoustic near-field adjustment.

7.6.2 Acoustic Excitation: Acoustic excitation from nonjet noise sources, e.g.,

fan or core noise, can amplify jet noise. Experimental findings
(Reference 7.1) were incorporated into the prediction method by means of
the various sound pressure level adjustments listed in Table 7.3.
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7.6.2

7.6.3

(Continued):

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 7.3, provides 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 rebated to the
boundary layer thickness at the fan exit and the sound ‘pressure level of
the [fan tones at the fan nozzle. A longer fan duct-usually implies a
thigker boundary layer, a lower level of the fan tomes at|the nozzle exit,
and |a reduction in the effectiveness of jet noise “excitatjon.

For |the primary and the secondary jets, thesincrease in npise levels due to
excitation are assumed to be omnidirectional. The directjvity factor, EXC,
applied to the mixed jet excitation adjustment, results ip smaller jet
excitation effects being added in the aft quadrant compared with those in
the |[forward arc. The adjustment is._inversely proportiona)] to the

alized mixed jet velocity based“on the speed of sound|in ambient air.

more compact axial distribution of sources of excited|jet noise is
jysted from that of an unexcited jet by the empirical factor ZK in
e 7.3.

qmeter EXS is used tojadjust the shape of the spectrum{ The expression
able 7.3 assigns,d.maximum amplification at approximately twice the fan
jtional frequency." The small number 0.0001 in the denpminator is used
jvoid a singularity at zero fan rotational speed (S1 =|0). The sound
gsure level .adjustment for an excited jet is broadband|in nature and
grally is-Jess than 5 dB.

Noise-Source Locations: Important sources of jet noise are distributed
a_wide range of the jet mixing region from the nozzle exit up to 15
gd-Jet dwameters downstream For static tests of engipes, noise is

Hred . S M) arc.
Ident1f1cat1on of noise source 1ocat10ns as we]] as the direction and
distance of each microphone from the source is necessary for accurate
prediction of jet noise.

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

Xp/Dp={4 + 4tani[ (18 Bp/u)—9] + (As/Ap)}(ZK) (Eq24)

where:

ZK = excitation source location factor from Table 7.3
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7.6.3

7.7

7.7.1

(Con

tinued):

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 t
form

he aft arc is relatively far downstream.
ula in Equation 24 is independent of frequency.

The noise source location

The secondary-jet noise source location normalized by the mixed-jet

diam

High
clos
down

give

eter from Equation 21 is given by

+

n'l(4.506 /x)-2.2511(1 +0.557°-5)

x[1+(0.7V,/a,)1°%[V,/V,)](ZK)

-frequency sources (large values of Strouhal«namber S,
stream.

Eixed jet noise source location normalized by mixed-je

0.5V,

(Eq.25)

are located

e to the nozzle exit while low-frequency sources are farther

t diameter is

+exp(-S,) +[2+1 . 1tan"(18 %" -13)] +{1+0.55,/ ’)}(o .5+

(<]

Incorp

As des
or win
freque
of the
used t
angle.

generall,

ugh the mixed jet does not have a potential core, the
e mixed-jet noise source locations are similar to tho
econdary jets.

ration of Distributed Source Location:

ribed earlier, the prediction formulae were derived f
-tunnel coordinates. Sound pressure level is a funct
cy (or-Strouhal number) and sound radiation angle. H
distributed nature of the sources of jet noise, the g

identify the observer location is different from the

mI/Z Va
Vo~ Ve

) (200 (Eq.26)

im

characteristics
se of the primary

pr airplane-fixed
ion of source
wever, because
ometric angle
sound radiation

Furthermore, in the case of a flyover, the received
different fr

frequency is, in
edict the jet

noise for a given observer location, it is necessary to find the
corresponding source location, radiation angle, and in case of flyover noise

predic
7.7.1

Wind

tions, the source frequency. The recommended methods
and 7.7.2.
Tunnel Coordinates: For the situation where there is

are described in

no relative

motion between the observer and the nozzle (see Figure 7.2a) the source for
a given component of jet noise is located at a distance X, downstream of
the origin of coordinates and radiates the sound at an ang]e 6, where the

subs

cript j = p, s or m for each jet-noise component. The

observer

(microphone) is at sideline distance ¢ and angle 8 from the center of

coordinates as shown in Figure 7.2a.
located at X, on the coordinate system.

The center of the no

zzle exit is

The distance X, is introduced to
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7.7.1

Ma—-*

IN-FLOW SIDELINE R
f WAVE
!

NORMAL
15

0

INFLOW

MICROPHONE

CONVECTED RAY
- ¢

X —’-\- SOURCE

FIGURE 7.2a - In-Flow Coordinates

E\G\“ﬁ ©

s | OVERHEAD LN
HEIGHT

(
|
o0 ' PROJECTION OF FLIGHT PATH
i
!

N SIDELINE OBSERVER

FIGURE 7.2b - Flyover Coordinates

FIGURE 7.2 - Coordinate Systems for Jet Noise Prediftion

(Continued):

enable prediction of as-measured sound pressure levels, since most full

scale tests are conducted with the center of coordinates set at a
convenient location not at the nozzle exit.

For a free-stream Mach number M, < 1,

0, = sin™{[-M,B + (B2 - M,* + 1)/2]/(B? + 1)}

(Eq.27)
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7.7.1

7.7.2

(Continued):

where:

B=1[(X,+X,)/Q +cot 0

(Eq.28)

The following iteration procedure is recommended for determining the source
Tocation X, which corresponds to a given component source radiation angle

8,.

a.

as
at
Figu

Groand—Fixed Coordinates for Flyover Jet Noise:

For a given one-third octave band center frequency \(St
S,), assume 6, = =/2 and find X, from Equations 24, 25,

Use Parameter B from Equation 28 to find a new angle 6

Equation 27.
Equations 24, 25, and 26.

Equations 27 and 28 and let 8, = 6.

Let 6, = (6,,46,,)/2 and find a new distance X;.

Repeat steps c and d until -the absolute value of the d
two successive calculations of the effective source lo

secondary or mixed-jet-components.

The coord
raight flight path with the jet axis aligned with the
small angle(of attack relative to the free stream, is

re 7.2b. The radiation angle or the retarded angle is

6, = sin* [(B? + 1) "1/2]

o

Let 8, = 6, and use the new distance X; to find a new :

rouhal number
and 26.

from

Use the new angle 8, to find.a new distapce X; from

ngle 6, from

ifference between
cation is equal

to, or less than, D,/20/for the primary-jet component ¢r D,/20 for the

inate system for
free stream, or
shown in
given by:

(Eq.29)

wher

The

B = given by Equation 28
source frequency f_.... is given by

£

source

= (1-M,cos 8,)f

where:

D —h

received frequency

(]

(Eq.30)

. = sound-propagation angle relative to the flight path
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7.7.2 (Continued):

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 Noise Levels for Full-Scale Tests:

7.9

7.9.1 External Plug Effect:

This procedure predicts the noise of an "isolated" coaxial jet, i.e., without
the presence of so]1d surfaces in the vicinity of the jet other than those of
the nozzie e s 5 2 i ace 3 e—the jet noise
source |and propagat1on mechanisms from those of an 1so1ated et. In
practigal applications, the solid surfaces are not always far from the jet
exhaust flow field. Depending upon the specific configuration and condition,
measured noise levels may not represent the sound pressure leévels of an
isolated jet and, therefore, cannot be predicted without further adjustment.

Effecty due to the presence of solid surfaces are not included in this
procedure. For the convenience of predicting./the measured je¢t noise levels
from fyll scale tests, empirical formulae that may be conside¢red for
adjusting the predicted levels are provided-in the Appendix .

Predic
(Secti

ion of Jet Noise Levels for Full=Scale Tests - Static|or Flight
n’7:

Tests of coaxial jet noisewith different external plugs ipdicated that an
external plug decreases (the level of jet noise, particular]y, in the aft

arc.| Let PLUGD be the ‘diameter of the external plug at the¢ primary nozzle
exit|for a coplanar-or extended primary configuration, or at the secondary
nozzle exit for a-common-flow nozzle. The adjustment, in decibels, to be

added to the predicted jet noise level is given by
PG, = 0.1 (V;/a,) (10 - (18 8,/7)] (PLUGD) /D, (Eq.31)
PG, = 0.1 (V,/a,) [6 - (18 6,/m)] (PLUGD) /D, (Eq.32)
PG, = 0.1 (V,V,/a,") [9 - (18 6,/=)] (PLUGD) /D, (Eq.33)

for the primary, secondary and the mixed jet noise component, respectively.
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7.9.2 Ground Proximity Effect:

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 effedt (GPROX) was
derived. The value of GPROX is subtracted from the calcullated mixed jet
noige levels to predict the sound pressure levels atcground-plane
micophone locations around a full-scale engine test)stand.

The |ground proximity effect in decibels is givenyempiricallly by

GPROX = (5V,/a,)exp {-[9(8,/x)-6.75]12<{(H/D,) -2.5]%

{1+sin? [ (nHf/a,) - (n/2) 1}/ [2¢]| (Hf/a,) -1]]
x {1+sin?[(nHf/a n | a | (Eq.34)

whgre:
H = engine centerlinelheight above the ground plane
7.9.3 Installation and Angle of Attack Effects:

To |accurately predict the jet noise of a jet-powered airplane in flight,
it [is necessary(to” include the effects of engine installation and angle of
atflack. These.effects depend strongly upon the installat/ion configuration
(Rgference 7.2) of the specific airplane and its operation (e.g., flap
sefiting and)angle of attack). For general applications regarding
wing-mounted engine configurations, simplified models are described in the
following paragraphs.

It Ss—assumed—that—theprimary jet—component—does not—have installation or
angle-of-attack effects, and no adjustment in sound pressure level is made
for the primary component.

For the secondary jet component, no angle-of-attack effect is assigned.
The installation effect, INST in decibels, to be added to the predicted
secondary jet noise level is given by (see Figure 7.3).

INST = 0.5[(C,~X,)%/(C.D,) ] [exp(-Y,./D,) ]
x[(1.8 8,/%)-0.6]2 (Eq.35)
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7.9.3 (Continued):

where:
C, = wing chord length at the engine Tocation
X, = fan exit location downstream of the leading edge (X.<C,)
Y, = separation distance from the wing chord line to nozzle lip as
shown in Figure 7.3
D, = mixed jet diameter calculated from the jet prediction procedure

2.5 dB. If the
3 ng value is used.

Thel angle-of-attack effect, ATK in decibels, is added ‘to|the predicted
miXed jet component and is given by

ATK = 0.5a M, [(1.8 8,/%)~-0.6]7 (Eq.36)

whedre:

o<

angle of attack in degrees
M

., = flight Mach number

No |installation effect is applied to the mixed jet compopent.

FIGURE 7.3 - Schematic of Installation Parameters
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8.
ENGINES:
DATE OF
8.1 Static

COMPILATION: February 1980

Conditions:

PREDICTION OF NOISE FROM CONVENTIONAL COMBUSTORS INSTALLED IN GAS TURBINE

The advent of the modern high-bypass-ratio turbofan engine incorporating
quiet fan technology has focused attention on internally generated core

engine

noise. The inherent low jet noise floor due to reduc

ed mass efflux

velocity and shielding by the fan stream has revea]eq low frequency noise

ipng a spectrum andi'a directivity assigned to obtain the
This procedure may be implemented by

ise, tailpipe noise, internal noise, excess noise,.-an
as been attributed to several different sources, /but
lar has received the most attention in the form'of bo
ion noise and indirect "entropy" noise. This moise s
turbojet and turboshaft engines. This Section is co
ion of combustor noise from gas turbine engines.

t definition of combustor noise is probably provided

tion of the proposed prediction method was therefore
aft engine data. However, the final correlation util
ee classes of engines and the recommended spectrum an
en validated using component.and model data. The co
conventional types, i.e., dnnular, can-type, and "co

type.
diction procedure is. @utlined in Figure 8.1. The ove
OAPWL) is found as(a function of the combustor operat
bine temperature extraction. A power level spectrum
SPL) distribution at any angle.
igures 8.2, and 8.3. For consistent application, the
res 8.2 and 8.3 is repeated in Tables 8.1 and 8.2.
hod oficalculation is as follows:

- Calculate the OAPWL using the normalized sound powe

:

because of negligible jet noise and.absence of a fan|.

en termed as

so on. Core
the combustor in
h direct
urce is common
cerned with

by turboshaft

The initial

based on

ized data from
directivity

bustors were of

annular" or

rall sound power
ing parameters
is derived by
sound pressure

basic information

r correlation.

OAPWL = 10 log,,

2
Pao

T—T;
T

Py

P

o

(Ta'Ts) ref
T

o

ref

2o {520 (3]

where:
W = primary (core) mass flow rate, kg/s
P, = combustor inlet total pressure, Pa
(T, - T,) = combustor total temperature rise, K

i

(Eq.37)
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8.1 (Continued):

(Te = T5)er = reference total temperature extraction by
the turbines, at maximum takeoff conditions, K
Weer = reference power, 107 watt (1pW)
Temperature T, = 288.15 K
Pressure P, = 101.325 kPa

"

Speed of Sound a, = 340.294 m/s for T, = 288.15 k (15 ®C
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Semi-Empirical
Relationship Equation
Input: P, T,, T,, W
(T,-Ts)

ref? PO’ 0 ao

Source OAPWL

Empirical Spectrum
Shape, Table D-1

PWL Sound
Power Spectrum

Empirical Directivity,
Table D-2

Freefield Static
Combustor Noise,
Farfield at Angle

Freefield Flight
Combustor Noise,
Farfield at Angle

FIGURE 8.1 - Flow Chart for Combustor Noise Prediction
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. Relative Power Level (PWL-O0APWL), dB

S(f)

-10

-20

-25

N

140 w25 160 200 250 315 400 500 630 800 1000 1250

1/3 Octave Band Center Frequency (f), Hz

FIGURE 8.2 - Spectrum Shape for Combustor Noise

1600 2000
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Directivity Index (DI), dB

20

-
o

o

1
o

20

4o 60 80 100 120 140

Angle from Inlet (61), degrees (Axial Reference from Core Nozzle Exit|)

FIGURE 8.3 - Fairfield Directivity for Combustor Noise

16C
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TABLE 8.1 - Spectrum Shape Factor for Combustor Noise

1/3 Octave Band Center S(f), Relative Power Level
Frequency (f), Hz (PWL-0APWL), dB

31.5 -38.7
40 -34.7

50 -31.2

63 -27.2
80 -23.2
100 <199
125 +17.0
160 -14.1
200 -11.7
250 - 9.7
315 - 8.2
400 -7.2
500 - 8.2
630 -9.7
800 -11.7
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
10000 -52.2
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TABLE 8.2 - Farfield Directivity Index for Combustor Noise

Angle From

Fairfield Directivity

Inlet, (6,), degrees

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160

Index (DI), dB

t
w
_ W N UNO = OO0 OO W oMo o

axial reference from core (primary) nozzle exit
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8.1

(Continued):

Step 2 - Use Figure 8.2 or Table 8.1 to define the power level spectrum. For
basic prediction purposes, the peak one-third octave band in the
power spectrum is assumed to be 400 Hz. However, when the method is
being used with data where the peak is known to be slightly above or
below 400 Hz, it is recommended that the power spectrum herein be
adjusted such that its symmetrical shape is retained, but based upon
the observed peak freefield value. Such an adjustment would not be
expected to be more than one-third octave on either side of 400 Hz.

The PWL spectrum is given by:

PWL (f) = OAPWL + S (f)

where:

S[(f) = the spectrum shape factor of Figure'8.2 and Table 8.1

(Eq.38)

Step 3|- The sound pressure level (SPL) at ‘each farfield angle along an arc

is found using:

SPL (f| ©,) = PWL(f) + DI (0;) - 20 logZ *+ 10 10G,o(paoW,er/4T Drbe)

Ples reference sound pressure (20uPa)

r

arc<radius, m

and where the last term is -10.8 dB under standard condjtion

(Eq.39)

where:
DI = farfield directivity index (Figure 8.3 and Table|8.2)
] = angle from-inlet, degrees (axial reference from ¢ore nozzle exit)

The values thus calculated represent an idealized free fieldlcase of a

nonattenuating atmosphere 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 dB 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.

10 10G;o (Wyad/Weee) + 20 logy, [(T, = Ty) /T5) + 20 log,, (Py/P,)
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8.1

8.2

8.3

8.4

(Continued):

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° 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 almost negligible for
perceived noise level calculations.

F1 ’ighl €onditions:
It is widely accepted that the effect of forward speed on-a [source (such as
the cgmbustor component) which is effectively moving atCthe [same speed as the
aircrdft, is affected by a 4th power "Doppler" amplification| factor.

To translate the sound pressure levels obtained/in’8.1 to fllight conditions,
a 4th |[power amplification factor should be appTied as follows:

SPL(f1igney = SPL(gracicy ~40 logy, (1M, cos ¢)

(Eq.40)
where:
., = aircraft flight Mach number (V,/a,)
:e—‘p
. = aﬁgle to engine intake axis
= total incidencecangle between aircraft flight dirertion and engine
inlet axis
Refergnces:

FAA Rgport No. FAA-RD-77-4
GE Cove EngineNoise Investigation Program - Low Emission Enjgines
R. K. [Matta,G. T. Sandusky, V. L. Doyle (1977)

FAA R¢port-'No. FAA-RD-74-125

Core Hngine Noise Control Program - Vol. III, Supplement 1 -
Extension of Prediction Methods

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

Parties Contributing to the Formulation of Section 8:

AiResearch Mfg. Company of Arizona, USA

Detroit Diesel Allison, USA

General Electric, USA

Nat’1 Gas Turbine Establishment, United Kingdom
Pratt & Whitney Aircraft, USA

Rolls Royce Ltd., United Kingdom

SNECMA, France

The Boeing Company, USA

PREPARED BY SAE SUBCOMMITTEE A-21 S1
GAS TURBINE PROPULSION OF SAE COMMITTEE A-21 AIRCRAFT NOISE
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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 o

f the art at the time of publication. In making its s

preferred method the SAE A-21 Committee has to consider:

The
noi

The
met

The

a.

inf

d. The

e. Any
While I
is cons
are the
Tead-up
the dec
was dec
the Gas
referen
form to
future

HISTORY

election of a

desirability of publishing a prediction method for any

e-producing component of a jet engine

amount and technical quality of the informationCon wh
hod is based

simplicity of correlations of available data and the
prmation required to execute a prediction

accuracy of the final method

tem a above is a prerequisite’to SAE A-21 Committee ac
idered in each SAE Aerospace: Recommended Practice,
subject of protracted and exhaustive surveys and disc
to defining a method. “tIn order to understand the bac
ision to proceed with.the publication of each Section

ided to prepare these’ Appendices, so as to reflect the
Turbine Propulsion® Subcommittee of the SAE A-21 Commi
ce all availabtevinformation considered. It is compil
echo the subject matter of the main body of SAE ARP87
updating.

OF THEC PREPARATION OF THE APPENDICES TO SAE ARP876:

en 1970 the SAE A-?21 Comm1ttee on A1rcraft No1se deem

particular

ich the component

Jevel of input

1ikely foreseeable improvements:brought about by new work

tivity and item d

items b, c, and e

issions in the
xground behind

bf SAE ARP876 it
deliberations of
ttee, and to

bd in appendix

b, and allow for

pd it timely to
5 a summary
few was largely a

function of the emergence of high bypass -ratio turbofan engines with exhaust
velocities considerably lower than the range considered in SAE AIR876, and
turbojet engines for supersonic transports at the other end of the scale.
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(Continued):

An ad hoc group was formed, and reported in 1971 that SAE AIR876 was deficient
in several significant areas over and above the question of range of jet
velocities covered. Accordingly, a subcommittee was formed in 1971 which then
reviewed available information over the subsequent two-year period. In 1973,
the subcommittee determined that a new document should be prepared covering
known sources of exhaust noise in separate prediction procedures. The topics
of single and coaxial jets, shock-associated and internal noise were proposed
for study. Turbomachinery noise was specifically excluded because of the
proprietary nature of much of the data and because of the complication of the
use of i i i i i i im high

atio turbofan engines for civil jet transport aircrafit.

The depth and intensity of activity that took place in the prieparation of each
Section[ of SAE ARP876 was substantial and significant. “New data became
availablle 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 wps always a new piece of work about to‘produce information which might
have soflved immediate problems. As a result, the material in these Appendixes
reflect| the fact that, in some instances, alternative proceduyres were
availabfle, and that the method selected. for inclusion in SAE |ARP876 was,
frequently, a matter of consensus rather than unanimous agreement.

- 88 -



https://saenorm.com/api/?name=dc10d22b7e2d1a098171ee9a7775ab13

SAE ARP876 Revision D

A.l

A.2

APPENDIX A
BACKGROUND TO PREDICTION OF SINGLE STREAM JET MIXING NOISE FROM
SHOCK-FREE CIRCULAR NOZZLES (SECTION 5)

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 (Reference A.1) were the only published correlations of
jet noise that permitted a prediction process to be undertaken. Those works
stood t i i tion of the
ass-ratio turbofan and the development of the supersonic transport

a need for the ability to predict jet mixing noise and other

ed components of engine noise to a far greater degree|of accuracy,
ithin and outside the jet velocity range thus far“consi

The inigial move by the Exhaust Noise Subcommittee*-was to ci
hed static engine and model correlationsyof Ahuja and
ce A.2) and to seek comparison with other available d
ed, from the General Electric Company:for models (Ref
le engines, Lush, and the Société Nationale d’Etude e
tion de Moteurs d’Aviation (SNECMA) and the National
hment (NGTE) (References A.4 - A.6) revealed a sensib
and sound pressure level values from tests of scale mpdel nozzles,
alized for jet area and density and referenced againyt fully
jet velocity. Discrepancies in the ability of the cprrelation
e to collapse the test.data were noted, however, at hjgh velocities
eratures (where it appeared that jet density was a variable rather
q¥e f?nction) and in)the considerable scatter in high| frequency sound
evels.

STATIC CORRELATION:

ta. Such data

rence A.3) and
de

as Turbine

e correlation

Establi
of wide
when no
expande

By 1973|it had been determined that the high frequency data statter was
probably a function of noise generated internally in some of the model rigs
from which data had been acquired. This conclusion was borne|out by the even
greater|varidbility of data from engines, first indicated by Pmith

(Reference-A.7) and later highlighted by Bushell (Reference A[8) in the
corre]a14ea—e#—F4gu%e—A%———A%—%ha%—%4me—seH#ees—e#—ne4se—e%hem than those

originating in the turbomachine were variously identified and labeled as
core, tailpipe, excess or even combustor noise. Additional unpublished data
from Pratt & Whitney Aircraft, The Boeing Company, Hamilton Standard, and
Pratt & Whitney Aircraft of Canada led to a close inspection of the quality
of the rigs and facilities on which the data were acquired, with a view to
eliminating those data that were expected to be contaminated by internal
noise sources. In view of the multitude of noise sources in data from
engines, it was decided to concentrate solely on information from high
quality model facilities. In fact, by 1974, the second round of subcommittee
activity led to significant new work being undertaken within The Boeing

* 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.

- 89 -



https://saenorm.com/api/?name=dc10d22b7e2d1a098171ee9a7775ab13

ision

ARP876 Rev

SAE

®

uotje|audo) astoN bulxiy jap Auel - gy mucw;mmmm wo44 39e43X3 - 1V JYN9I4

(%7 ) %60)

90 $0 %0 £0 20 10 [ 1:0- z0- £€0- b0~ n.o- 9'0- 20~
T T T T
(37w gb-0g[= 23s/4)) Auaa 39 Aop E%S_m
00| 0021 000l 0b6 008 doz 009 00g R“v 2_3
_ ooy M €9 Ao d ' | ! I '
i 1oawod ,u Sy D g
- copmowar [ w02 @ B 00!
22QWDYd
© uonsnqwo)y | u S 0
[}
H 14
. .u%nog..u M 02
vousnquod| w1 g6 @
QUO0d {014U0d 2220 Onid ly \
- 10310l ,ut €0§ A4 o i on
m AP ~'U0d LU o ¢ X 00t / &~ D QW
102103 LUy o1 n v C3 \mﬁ\
; 1owod ut gy M ¢08 #
; joowod Ut b2 % 0co ¢ \
B ; 1091u0 LUl 682 O % og2l ¢ > a3k oz
19| v D
’o
; 1«.@
: o i p ot
soi0d @ b0l sndwkio ¢ | —Te +
vory 22 sndwhio wo\ 00,
0z 1A 025 1edi as” * | o—®
eTay \\\\
° \
T. pUStY [ & wi
- cmtea A et e o . - B g on-
i
+ (23]
. +
uxmw\
=9 ¥
o 2 oer
A, o8
R
- - A o
. \M\N.V m - o8l
] Io \d
wnv\xéo% _
&
1 061

- 90 -


https://saenorm.com/api/?name=dc10d22b7e2d1a098171ee9a7775ab13

SAE ARP876 Revision D

A.2

A.3

(Continued):

Company, the NGTE (Reference A.9) and SNECMA on model jets, and an upsurge in
activity on static-to- flight effects throughout industry and government
aircraft noise research establishments.

By 1975, the acceptable data base had been reduced to measurements from the
high quality facilities at SNECMA, NGTE, Boeing and General Electric.
Additional high quality data from the Lockheed-Georgia Company were included
at a later stage. The background data and substantiation of the method
derived from this work 1n the per1od between 1975 and 1977 are contained in
major internd epa efere . pekheedy SNECMA, and
Boeing.

The resylts 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 dgainst jet velocity and density for varying ‘témperatures. The
documeni was approved by the SAE A-21 Committee and-the SAE Aérospace Council
for publication in 1977, and appeared as the initial version ¢f 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 staticito-flight
effects,| discussed in the following paragraphs, was not finaljzed until 1980
and published in 1981.

STATIC-TO-FLIGHT EFFECTS:

To be ugeful in predicting operational noise levels, any aircraft noise
predicti{on method requires the ability to predict under inflight conditions.
The quegtions of the changes,that occur in the jet mixing structure as a
result 9f 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 no¢ise level was
ascertained was-essentially an average of ground based and fljght test data
using relative.jet velocity as the correlating parameter. Small differences
in ?pec ga 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 (Reference A.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 with measurements made in wind tunnels, where
forward motion was simulated by the tunnel flow (References A.15 and A.16).
The main differences were in the prediction of an amplification of engine
noise in the forward quadrant under actual flight conditions, but a reduction
under simulated flight conditions with models of the same quality as used in
defining the basic jet noise correlation of SAE ARP876 (see Figure A2).
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