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INTRODUCTIOH

AIR 876, issued on 7 Jctober 1965, presented a summary correlation of jet
engine exhaust noise data available at that time. It dealt with both static
and flight inodes, but by virtue of the data largely being from full scale
engines, no attempt was made to subdivide the information into the relevant
component sources. Work in recent years on ygood-quality noise facilities has
established that most engine exhaust systems are influenced in their noise
characteristics by far more than the noise due to the external mixing process
alone, and this work has provided the opportunity to develop a clearer
picture of The influence of other effects.

AIR 876 w3s also limited to jet velocities above 1,000 ft/s,Cise. [the range
of exhaust velocities associated with early jet engines. The intnoduction of
more advapced engine designs demands a prediction technigle for exhaust
sources oyer a far wider range of velocity conditions.

Therefore |it is intended that ARP 876 be developed)on a long term [basis as a
document definitive in most aspects of the prediction of exhaust roise,
consisteny with the state of the art. Specifi€ recommended procedures will
be issued|as Appendices, both for completeness and to allow for future
updating. [ Additionally, following a decision in 1979, explanatory background
material detailing the rationale behind the selection of Appendix methods
will be included in an Addendum to thisvdocument. The format of tlhe Addenda
will echo [the main document for easeof cross reference.

The documgnt will offer a methodof estimating the exhaust noise flrom single
unsilenced enjines. To be uséful in estimating the noise from aircraft
installatilons, a number of additional effects must be considered, [and it is
intended fthat these also will be covered as substantive evidence Hecomes
available.

Areas thaf will notobe addressed in this ARP, due to source variability with
detailed gngine déSign parameters, are aerodynamic blade noise sources; that
is the noilse gemerated by interaction effects between rotating and stationary
componentd of_tie fan, compressor and turbine systems.

Each AppendtXwiTi e dated, and wilT Tepresent an approach to a particular
topic as agreed by members of the SAE A-21 Subcommittee with experience or
data on that subject. Lists of members and affiliated bodies contributing
experimental data or other information as used in compiling any one Appendix
will be included. Correspondence should be addressed to the Secretary of the
A-21 Committee for appropriate distribution.



https://saenorm.com/api/?name=b987bf5c5eb4470b046faf1b744cb243

ARP 876C

2.

3.

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 noise resulting from a hot core exhaust stream mixing
with its surrounding environment (which may be influenced by a bypass
flow).

b) Pure Jet mixing no1se resu1t1ng from a co]d bypass stream nixing with
bot

¢) Shoclk associated noise, where either or both hot and cold exhaust systemns
compjrise a choked final nozzle

d) Noige from the core engine resulting from aerodynamic disturbances
upstiream of or at the final nozzie, inciuding combustion noise.

e) Aerddynamic noise, tonal and broadband, resudting from blad¢ interaction
effects in fan, compressor or turbine systems.

A1l the |above sources combine in varying.degrees to produce the|overall

exhaust |noise characteristics. The relevance of each source is|a function of

both engine operating condition and afrcraft speed. Because of|the
dependence of aerodynamic blading noise on the intimate design gonfiguration
of any diven engine, this aspect %5 specifically excluded from $ubsequent
considerlation, and every attempt has been made to remove such phenomena fron

3.1 Predicfiion methodscincluded in this document are seif-contained.

To develop
e it is

ming the
This is

ion to the

re1evant d1stance or correct1ons for atmospher1c cond1t1ons and ground

reflection effects.

It is also necessary to incorporate any estimated

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 silencing or
installation effects is made in the component calculation stage.
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Methods contained in this document are expressed in termms of noise levels
that would be measured under free field conditions. Reflective
augnmentations and cancellations from real surfaces, primarily the ground
surface over which measurements are nade, produce peaks and troughs in the
observed test spectra, and these have been corrected out of the experimental
data used where it has 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

measureme

The pred
measurems
attenuati

Since prg
for atmos
allowing
and humidg
If a subj

Predictid
generated

operation.

estimatig
experimer|
the time

ctical distances involved in aircraft noise calculationg
apart frqgm the normal inverse square law correction, allowance i
pheric absorption.

ective assessment is required,“Perceived iloise Level (Pt
calculatdd using the methods in SAE-ARP 865.

of preparation‘of this document.

nts "in the field".

nts taken in the acoustic far field, but corrected for 4
on and normalised for distance.

SAE ARP 866A prowvides a standard met
for atmospheric absorption under amange of ambient temp
ity conditions.

n methods are directed @t producing estimates of noise 1
during the normal take-off and approach regimes of airg

Extrapolation of .the nethods to higher flight speeds,
n otner than in‘the acoustic farfield, is not recommendd

SAE AIR 1327 provides guidance on such
conversiIn‘fU?‘Eﬁ‘atGU3tTtaTTy‘hE?a‘§U?TEE@‘TTTET‘EEHE?@TET‘TEﬁﬁﬁ
advice onm how to deal with other typical surfaces (e.g. grasslant

ction methods provide spectral information derived) from

¢) and

).

tmospheric

are large,
st be made
hod of

eratures

L) may be

evels

raft
or use for

d since

tal evidence Ain-support of such extrapolation was not aailable at
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4.

SYMBOLS

a

Speed of sound (at the local temperature)

Ambient speed of sound

Cross-sectional area of jet exhaust nozzle

Velocity coefficient for relevant discharge nozzle

Soumd—Pressure—tevet—{re—26
Farfield directivity index
Exhaust nozzle diameter
One-third octave-band centre frequency
Gravitational constant

International Standard Atmosphere

Combustor mass flow rate

Relative Velocity exponent used in converting

static mixing noise to flight conditions
Aircraft flight Mach number (Va/aS)
Nozzle pressureiratio

Overall sound power level (re 1 pW)
OveraH<sound pressure level

Static pressure

Abh3soant ot
T E-Ht—>¢

T

Static pressure under ISA, SL conditions

Total pressure
Ambient-total pressure
Total pressure under ISA, SL conditions

Acoustical Reference Pressure, 20 uPa

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

m/s

m/s

d3
dB
m

Hz

9
m/s<

kg/s

dB
dB
Pa
Pa
Pa

Pa
Pa
Pa
Pa

dB



https://saenorm.com/api/?name=b987bf5c5eb4470b046faf1b744cb243

S(f)
SPL
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Radial distance from nozzle exit to observer

Gas constant with value 287.05 J/kg K based
on the universal gas constant of 8.31432 x 103

J/[K(kg-mo1)] and mass per kilogram-mole in dry
air of 28.9644 kg/(kg-mol)

Normalised free-field Overall Sound Pressure Level

Power Tevel spectrum shape factor

Sound pressure Tevel (re 20 uPa)

Static temperature

Ambient static temperature

Total temperature

Ambient total temperature

Jet total temperature

Forward speed of engine (i.es“airplane)
Fully expanded jet veloagity

Acoustical reference power, 1 pW

Ratio of specific heats for propulsive medium
Angle to engine intake axis

Angle toyengine jet axis (180° - a;)

Density

Atmospheric _density under ISA conditions’
(1.225 kg/m~based on atmospheric pressure

of 1.01325 x 105Pa at an air temperature
of 288.15 K)

Fully expanded jet density

Variable density index used in computing
OASPL from jet mixing noise

Angle between direction of aircraft motion and
direction of sound propagation

J/kg K

dB
d3
ds

degrees
degrees

kg/m3

kg/m3

kg/m3

degrees

[
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U Angle between airplane flight path and engine degrees
thrust axis
£ Strouhal frequency adjustment factor
NOTE: The units quoted above 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.
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APPENDIX A

DATE OF COMPILATION
Static Conditions - September 1976
Flight Conditions - November 1978

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

Static Conditions:

provided

jet velog
noise lev
parametens:

a)
b)
c)

It has bg
noise cha
pressure
measurems
octave-b
procedurd
Fig. Al {

The
The ]

The ]

The meth

Step 1 -

Definitive model scale experimental work in the 1970's
ie range of
bt mixing
principal

3 Firm data base for the study Of MiIXiNg Noise OVer a wi
ity and temperature conditions. That work showed that'j

el and spectral character is a function of the following

elocity differential between that of the jet and its envjironment.

et density relative to the density of the‘surrounding aif.

et dimensions.

en concluded that one of the mosticonvenient ways to express jet
racteristics is to consider first the normalized overall| sound
level (OASPL) as a function pfijet velocity (Vi) and angfle of

nt (e; or e;) and to then reTate the spectrum {on a one-tthird

nd basis) td the overall ‘tevel at any point in the field. This
may be adopted by using Figs. Al through All. The information in

through Fig. All is also presented in Tables Al through All.
d of calculationds as follows:
Calculate the—fully expanded mean jet velocity (Vj) from a

knowledge~of jet temperature and pressure, where:

1/2
V; £, {L(28Rg) /(3 - DILTSINL - NPR (v - D/,

Step 2 -

or, where a knowledge of temperature and pressure is not readily
available (for example, from engine test stand measurements) an
alternative method of calculating Vj is from thrust and mass
flow, where:

Vi =

j = static gross thrust divided by mass flow

Using Vi obtained from Step 1 and the ambient speed of sound
(ap) obtain the variable density index (w) from Fig. Al.
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5.1

A-2

(Continued)

Step 3 -

tep 4 -

For any desired angle and jet velocity use Fig. A2 to o
normalized free-field overall sound pressure Tevel (S)

S = 0ASPL - 10 logig {[(pj/po)“](Aj/Pz)} - 20 Tog10(Po/

for the value of Vj at any desired angle.

btain the
where:

P1sa)

Calculate the overall sound pressure level (OASPL) from:

Step 5 -

Step 6 -

OASPL = S + 10 Togiglej/eel¥ * 10 logig (A;/re) + 20 1g

Calculate the one-third octave-band spectral levels frdm

Figs. A3 to ALl, using jet velocity (Vj), temperature
(T;/To), nozzle diameter (Dj) and the angle {8i) as
foi]ows

Determine the Strouhal frequency adjustment factor fy
and then calculate (fDj/¢V5) for eachjone-third octave:
centre frequency. Enter Figs. A4 to All with the value
(fD3/¢V5), and values of (T;/Ty)Cat the values of
10910 (% :/a) and e; to detetmine values of one-third

octave- band relative sound pressure level (SPL - OASPL].

ror values other than these specified in Figs. A3 - All,
interpolation on anglesi(ej), and on the values for log
(fD3/¢V5), logio (Vj/ag) and (T3/T) is recormended.

From the values.of OASPL and one-third octave-band reld
pressure level (SPL - OASPL) as derived in steps 4 and
respectivelyy/calculate values of one-third octave-band

910 (Po/P1sA)

atio

om Fig. A3
band
s of

linear
10

tive sound
5

SPL.

These walues represent the free-field jet noise spectrym at position

(r, 833-in a loss free atmosphere.

Note 1

The spectra of Figs. A3 - All satisfy the following con

N 0.1(SPL; - OASPL)
Togyg 2% 10 =0
1=

Over the range of one-third octave-band frequencies def

-1.6 < logjg (fDj/¢V;) < 1.6

dition

ined by
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5.1 (Continued)
Note 2  Accuracy of Prediction

The accuracy of prediction of OASPL at (r, ej) relative to the
model data on which it is based varies between *2 dB at low jet
velocities to +4 dB at very high jet velocities. The accuracy of
prediction of one-third octave (SPL- OASPL) varies between #1 dB at
frequencies near the peak of the jet-noise spectrum. However,
these 1imits apply to the extreme cases. For all normal purposes,
the majority of predictions will be accurate within 3 dB at all
requencies.

Note 3 or the derivation and substantiation of the method,Orefepences may
be made to the following documents:

(i) Boeing Document No. D6 - 42929 - 1, EmpSrical Jet Noise
Predictions for Single and Dual Flow~Jets and withput
Suppressor Nozzles Volume 1. Single”flow Subsonic|and
Supersonic Jets. C. L. Jaeck, Si>dJ. Cowan, R. P. [erend.

(i1) SNECMA Document YKA No. 5898/76, Comparison des sppctres 1/3
d'octave de bruit de jet mesures en chambre sourdelA 17 de
CEPr aux diverses propositions de revision de 1'ARP 876 de
la SAE.

iii) SNECMA Document YKA No. 5317/75, Revision de la mefkhode de
prevision du bruit des jets (SAE ARP 876).

5.2 Flight Conpdition:

Forward speed has the gffect of reducing the shear between the jet|and its
environment. Work in‘the 1970's produced conflicting evidence on the change
in jet miding nois€/in going from static to flight conditions. Mofel scale
wind tunngl testing has, in general, produced a greater reduction fn Tevel
than testq caeried out on ground based engine facilities and aircraft. The
differencqs _Mmay be associated with contamination by other sources,|both
engine bajedVand aircraft installation induced. The method herein|is based
upon data obtained on a ground based engine flight simulation facility.* In
gereral, the results of applying the prediction method fall between the
extremes represented by some model tests and some aircraft flight tests.

The method relies upon a modification of the static sound pressure levels
obtained in 5.1.

*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 the Investigation of
Flight Effects on Aircraft Engine Exhaust Noise," by R. G. Hoch and

M. Berthelot.

A-3
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5.2 (Continued)

For a jet of given velocity Vj (corresponding to a given pressure ratio
and temperature), moving at a”flight speed V5, the method of calculation

is as follows:

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.

inflight a3+ a0y dacdwad ansls
gty ot o e o RGTC

Step 2 —Lated
8 (

[OASPL(e7) If1ight = [OASPL(81)Jstatic - AOASPL(8j)

vy \mle.)
where | a0ASPL(e.) = 10 Tog;, VE—T—V; (1~ M cos 4)
with:

m(ej) = relative velocity exponefit, a function of ang
between the engine inlJat axis and the Tine co
aircraft reference point * and the observer 1
n{ej) is given in £ig. Al2 and Table Al2

Ma=V3/ag = Aircraft flight Mach number or ratio of aj
Vy to speed of sound ap at the ambient te:
of the_surrounding medium

¢ = angle between direction of aircraft motion and di
propagatien (see sketch next page)

Vj = ideal fully expanded jet velocity, corresponding
pressure ratio and total temperature of the jet
same in static and in flight, see Eq. (Al)

NOTE: For ¢ansistency with the prediction procedure under static ¢

e o4
nnecting an
cation;

rspeed
iperature

rection of

to a given
and being the

nditions, the

aircraftreference point > stoutd be the center of the o zzZ1

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.)
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flight path

aircraft reference point *

fligh track

observer //'

5.2 (Contipued)

Step 3 -| Calculate the one-third octave-band,sound pressure leve|s in flight
for any desired angle e;, 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/EVJ')

has to be replaced by one based on relative jet velocity (Vj - Val,
that is:

[fD;/¢(Vy - Va) 1l

The value of ¢ is still obtained from Fig. A3 for the corresponding
value of)'the jet velocity Vj.

NOTE ;.. <Accuracy of Prediction

The—gccuracy of AOF\SFL(U-]) predictiom—as—catcutated—ir—step 2 for
any angle ej, is a function of velocity ratio, and may be obtained
from the following formula:

+5[A0ASPL(03)] = #[sm(ej)] x {10 TogyplVs/(V5 - Va)]}
sm(e;) being the uncertainty in m(ej).

In the present prediction procedure, the range of uncertainty of the
exponent m(e;) with respect to aircraft flight test data is

estimated to not exceed *one unit. This comment does not apply to
wind tunnel model data where the exponent m(e;) is always greater,
than fone unit over the angular range 60 < ei < 130, and by as much
as 0 to 5 units.

A-5
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Parties Contributing to Formulation of Appendix A

Department of Transportation, USA

Douglas Aircraft Company, USA

General Electric Company, USA

Hamilton Standard, USA

Lockheed California Company, USA

Lockheed Georgia Company, USA

Natijonal Aeronautics Space Administration, USA
National Gas Turbine Establishment, United Kingdom
Pratt i i 5

Rol11s-Rdyce Limited, United Kingdom
SNECMA, |France

The Boeilng Company, USA
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L

FIGURE Al

Variable density index @

Above loglO(Vj/ao) = 0.2, the value of () should be taken as 2.0

Experimental evidence is represented by the solid line.
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ARP 876C
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ARP 876C

ONE-THIRD OCTAVE-BAND NORMALISED SPECTRA el ='|30°.

o o o o
© o - ~N (2] ~3
- T TTT T L
H M M + u -
y
o~
N o~
s ’ } i s
] T T
© 1 :
C : @©
N - i C
. 174 ¥ I _
1
T ~4
< : - -1
3
- ] :
. T
o o
43 ”1 Tt
~T [ y - o +1 . BRSNS
i i <
1T 5 1
H va fe 4 d—dg- .-H 4 TW%!I -
«© T+ : 1 - HHHH my. gasnps
] N 1 4+ ja -k - b4 4 t 4
+1 R ] ]
an ﬁ 1 T -1
3T
" _ H
; R
] -t
T bl B |
o ] 3 | H
- aas ! NHH _ o
- Tc 41147 . IR Hian g
~ — (o] 1= 7.. ;
-+ T“J ]]lu _P A " L AI.MI. b
e _ 1
© RasiasEasis “ = RN ©
—O o o o o
\ = o o o o "
' N P 3 = § o g
[}
«@— 9P (1dSV0-TdS QNVE—FAVIDO CETHI-ANO)

log IO(ij /gvj)

FIGURE A8

A-18



https://saenorm.com/api/?name=b987bf5c5eb4470b046faf1b744cb243

—>

(ONE-THIRD OCTAVE-BAND SPL-QASPL) dB

ARP 876C

°
ONE-THIRD OCTAVE-BAND NORMALISED SPECTRA 01.‘=130

-16 -1.2 -.8 -4 0 -4 -8 1-2 6
(pnpnan »
..I 1
o / T 2 s
_'_‘:'_'j'—:T“ /T v 175 ]
N log, n(V,./a A5 1
Iemsey . 1052 ¢ 125
-20 3 9y T
]
-30 s
40
-50 0
10
3‘.‘5 4 .2' ]'20
. log g (Vi /a} 175
: AR | PINT
= 130
N340
50
16 -1.2 -8 -4 0 4 -8 12 1.6

1oglo(ij/§Vj)

FIGURE A8 (CONT'D)

A-19



https://saenorm.com/api/?name=b987bf5c5eb4470b046faf1b744cb243

ARP 876C

°
ONE-THIRD OCTAVE-BAND NORMALISED SPECTRA 6i=140

16 42 -8 -4 0 4 8 12 16
~10TT 2 =
T
HH HH »
~JOFTH 1 HE
-JoHHAF 0
2]
o Y
o)
~
o
Q -40 10
[
o
& 2 =+ . 20
g ;
&
3
g 0 30
&
&
=4
e
~-10 40
H
-10F v 50
3017
,225 N
1 P
175
-4 1oglo(Vj/ao) 1s
: < 125
-50
36 -12 -8 -4 0 4 8 12 1-6
loglo(ij /;'Vj)
FIGURE A9

A-20 I



https://saenorm.com/api/?name=b987bf5c5eb4470b046faf1b744cb243

—

(ONE-THIRD OCTAVE-BAND SPL-OASPL) dB

ARP 876C

-]
ONE-THIRD OCTAVE-BAND NORMALISED SPECTRA ;=140

-1.6 -12 -.8 -4 0 4 -8 1.2 1.6
FE
10 = , .2
o i 5 175
T, /T S :
1T 74" "o 7 s v 15
Hr o T % Log, ( j/ao) 125
-20f 2 7 R < ¢l
A TR
-30 : . e -
V. S
-40 S
-50 0
e 10
3.5 T
T v NLY
! 25 20
+ * V. ‘\\
\‘\ 30
TR
‘:\ h ¥
40
.2
175
1-50
login(Vi/a )| 15
10°3 2« .125
i
-1.6 -12 -.8 A 0 4 -8 12 1.6

FIGURE A9 (CONT'D)

A-21



https://saenorm.com/api/?name=b987bf5c5eb4470b046faf1b744cb243

ARP 876C
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ARP 876C

VARIABLE DENSITY INDEX w
(REF. FIG. Al)

Togig (Vj/ap) W
-.4 -.90
35 26
-.3 -.58
-.25 -.41
-.20 -.22
-.15 0
-.10 +.22
-.05 +.50
0 +.77
+.05 +1.07
+.10 +1.39
+.15 +1.74
+.20 +1.95
+.25 +2.0
+.30 +2.0
+.35 +2.0
+.40 +2.0

Note: The values of w in this table have been derived from rig data
where jet temperature Tj varied from 288 K to 1100 K.

TABLE Al
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ARP 876C

Values of ¢ (See Fig. A3)
(Vj/a0)

e < 120° 130° 135° 140° 150° 160°
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 .995
1.6 1.0 1.0 1.0 1.0 1.0 .885
1.7 1. 1.0 1.0 1.0 .965 .76
1.8 1.0 1.0 1.0 .99 .87 .66
1.9 1.0 1.0 1.0 .95 175 .59
2.0 1.0 1.0 .981 .90 J1 .54
2.1 1.0 1.0 .955 .86 .66 .5
2.2 1.0 1.0 .920 .83 .63 47
2.3 1.0 <985 .895 .81 .61 .445
2.4 1.0 .970 .88 .7195 595 .43
2.5 1.0 .955 .87 .79 .59 .420

For (Vj/ap) < 1.4, € = 1.0 for all angles
TABLE A3
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ARP 876C

GAS TURBINE JET EXHAUST NOISE PREDICTION

el-ANGLE TO INTAKE = 90.00 DEGREES

-30.23
-28.04
-25.81
-23.63
-21.57
-19.41
-17.23
-15.47
-14.00
-12.84
-11.81
-11.23
-10.83
-10.83
-10.84
-11.13
-11.63
-12.20
-12.86
-13.62
-14.49
-15.46
-16.62
-17.93
-19.33
-20.75
-22.13
-23.45
-24.78
-26.12
-27.45
-28.79
-30.13

3.50
< 0.400

10910 (ij/EVj) ONE-THIRD OCTAVE-BAND SOUND PRESSURE LEVEL (SPL-OASPL) DB
-1.60 -32.95 -30.09 -30.12 -30.33
-1.50 -3U./95 -Z/.91 -Z/ .00 -£Z6.15
-1.40 -28.53 -25.83 -25.71 -25.95
-1.80 -26.35 -23.79 -23.62 -23:83
-1.20 -24.31 -21.77 -21.66 -21.85
-1.10 -22.04 -19.85 -19.80 ¢19.73
-1.00 -19.65 -18.09 -18.02 -17.53
-0.90 -17.95 -16.64 -16.39 -15.73
-0.80 -16.50 -15.24 -14.86 -14.19
-0.}0 -15.16 -13.80 -13.43 -12.94
-0.60 -14.13 -12.57 <12.40 -11.91
-0.50 -13.05 -11.79 ~11.52 -11.23
-0.40 -12.26 -11.30 -11.03 -10.93
-0.80 -11.84 -10.99 -10.62 -10.93
-0.20 -11.42 -11.00 -10.88 -11.07
-0.10 -11.35 -11.12 -11.10 -11.24

0. -11.35 -1%¥.40 -11.42 -11.53
0.10 -11.46 -11.84 -11.94 -12.04
0.0 -11.78 -12.44 -12.60 -12.71
0.80 -12.24 -13.16 -13.37 -13.51
0.40 -12.79 -13.96 -14.23 -14.40
0.%0 -13+39 -14.79 -15.14 -15.36
0.90 -14.08 -15.68 -16.13 -16.40
0.0 =14.90 -16.63 -17.20 -17.55
0.80 -15.81 -17.64 -18.33 -18.75
0.90 -16.80 -18.70 -19.51 -19.99
1.00 -17.85 -19.80 -20.72 -21.23
1.10 -18.94 -20.95 -21.96 -22.48
1.26 =20~16 =22+13 =23+24 =237
1.30 -21.32 -23.36 -24.55 -25.03
1.40 -22.60 -24.63 -25.91 -26.34
1.50 -23.94 -25.95 -27.29 -27.68
1.60 -25.35 -27.31 -28.72 -29.03
(Tj/To) 1.00 2.00 2.50 3.00
Tog1o (Vj/ao) < 0.400 < 0.400 < 0.400 < 0.400
TABLE A4
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ARP 876C

GAS TURBINE JET EXHAUST NOISE PREDICTION
o; ANGLE TO INTAKE = 100.00 DEGREES

L

10910 (ij/EVj) ONE-THIRD OCTAVE-BAND SOUND PRESSURE LEVEL (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 -28.66
-1./40 -28.56 -26.95 -26.34 -26,50 -26.33
-1.]30 -26.37 -24.67 -24.12 -24.31 -24.06
-1.]20 -24.32 -22.66 -22.09 -22.31 -21.95
-1.]10 -22.13 -20.17 -20.13 >20.25 -19.65
-1./00 -19.87 -17.47 -18.22 -18.10 -17.26
-0.[90 -18.06 -16.26 -16.47 -16.04 -15.44
-0.180 -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 1342 -15.38 -15.33 -15.63 -15.61
0.60 -14.12 -16.32 -16.32 -16.68 -16.78
0.[70 -14.93 -17.30 -17.37 -17.83 -18.07
0.[80 -15.84 -18.33 -18.48 -19.03 -19.43
0./90 -16.83 -19.39 -19.63 -20.27 -20.81
1.|00 -17.87 -20.48 -20.82 -21.51 -22.16
1.[10 -18.97 -21.59 -22.04 -22.75 -23.48
1.26 =20713 =22773 =23730 =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
(T3/To) 1.00 2.00 2.50 3.00 3.50

10810 (Vi/ap) < 0.400 < 0.400 ¢ 0.400 ¢ 0.400 < 0.400

TABLE A5
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ARP 876C

GAS TURBINE JET EXHAUST NOISE PREDICTION

ei-ANGLE TO INTAKE = 110.00 DEGREES

ONE-THIRD OCTAVE-BAND SOUND PRESSURE LEVEL (SPL-OASPL) DB

-1.60 -34.57 -32.82 -32.12 -32.30 -32.03
-1.50 -32.12 -30.26 -29,55 -30,12 -29.36
-1. -29.69 -27.74 -27.08 -28.14 -26.64
-1. -27.21 -25.32 -24.72 -26.00 -24.03
-1. -24.87 -23.10 -22.58 -23543 -21.69
-1. -22.40 -20.93 -20.41 -2073 -19.26
-1. -19.97 -18.82 -18.22 -18.10 -16.83
-0. -18.18 -16.93 -16.26 , ©-16.04 -15.17
-0. -16.57 -15.24 -14.54 -14.31 -13.82
-0. -14.98 -13.84 -13.14 -12.81 ~12.64
-0. -13.75 -12.60 -12510 -11.70 -11.52
-0. -12.67 -11.53 -11722 -11.05 -11.03
-0. -12.08 -10.93 £10.63 -10.70 -10.64
-0. -11.57 -10.63 -10.52 -10.50 -10.53
-0. -11.45 -10.54 -10.67 -10.52 -10.69
-0. -11.39 -10.83 -10.92 -10.98 -11.02
0. -11.37 -11C33 -11.32 -11.70 -11.53
0. -11.50 ~11.90 -11.96 ~12.40 -12.24
0. -11.83 212.56 -12.79 -13.16 -13.12
0. -12.32 -13.32 ~13.73 ~13.99 -14.11
0. -12.90 -14.15 -14.74 -14.91 -15.18
0. -13¢51 ~15.05 -15.76 -15.95 -16.29
0. -14,21 -16.04 -16.81 -17.14 -17.48
0. £15.03 -17.13 -17.93 -18.44 -18.76
0. ~15.94 -18.26 -19.08 -19.81 -20.08
0. -16.93 -19.41 -20.25 -21.18 -21.42
1. -17.97 -20.54 -21.42 ~22.50 -22.73
1. -19.06 -21.65 -22.59 -23.77 -24.02
1. -20.22 -22.78 -23.71 -25.03 -25.32
1. ~21.44 ~23.91 ~24.97 ~26.29 -26.62
1. -22.72 -25.04 -26.17 -27.53 -27.92
1. -24.06 -26.19 -27.39 -28.77 -29.22
1. -25.47 -27.34 ~28.62 -30.00 -30.53
(T5/To) 1.00 2.00 2.50 3.00 3.50
10910 (Vj/a) < 0.400 < 0.400 ¢ 0.400 < 0.400 < 0.400
TABLE A6
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ARP 876C

GAS TURBINE JET EXHAUST NOISE PREDICTION
e ; ANGLE TO INTAKE = 120.00 DEGREES

L

10910 (ij/EVj) ONE-THIRD OCTAVE-BAND SOUND PRESSURE LEVEL (SPL-DASPL) 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.§0 -30.18 -28.25 —27.25 -26.97 -26.44
-1.30 -27.27 -25.65 -24.51 -24.50 -23.66
-1.p0 -24.82 -23.35 -22.16 -22252 -21.11
-1.10 -22.49 -21.13 -19.75 -20.30 -18.56
-1.90 -20.27 -18.95 -17.31 917.80 -16.06
-0.90 -18.50 -16.88 -15.31 -15.63 -13.99
-0.80 -16.87 -15.06 -13.63 -13.82 -12.31
-0.0 -15.29 -13.66 -12.32 -12.51 -11.17
-0.60 -14.05 -12.43 -11.29 -11.28 -10.45
-0.50 -13.07 -11.35 +10.61 -10.60 -10.06
-0.40 -12.28 -10.76 +10.31 -10.30 -9.97
-0.50 -11.77 -10.46 -10.31 -10.30 -10.17
-0.90 -11.53 -10.37 -10.47 -10.46 -10.71
-0. 10 -11.35 -10.65 -10.98 -10.88 -11.40
0.9 -11.27 -11316 -11.71 -11.50 -12.27
0.10 -11.39 411.79 -12.56 -12.29 -13.38
0.70 -11.71 £12.55 -13.54 -13.23 -14.67
0.30 -12.17 -13.42 -14.61 -14.30 -16.06
0.£0 -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
0.0 -14.82 -17.79 -19.24 -19.50 -21.72
0.80 -15.74 -19.08 -20.48 -21.02 -23.17
0.90 -16.73 -20.39 -21.74 -22.56 -24.62
1.00 -17.77 -21.67 -23.00 -24.10 -26.07
1.10 -18.87 -22.94 -24.28 -25.63 -27.51
1.%0 -20.02 -24.21 -25.58 -27.17 -28.96
1.30 -cl.24 -£5.6Y -(6.88 -c8.73 -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
(T3/To) 1.00 2.00 2.50 3.00 3.50

10910 (Vi/ag) < 0.400 < 0.400 < 0.400 < 0.400 < 0.400

TABLE A7
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GAS TURBINE JET EXHAUST NOISE PREDICTION
e(_ANGLE TO INTAKE = 140.00 DEGREES

ARP 876C

-31

-28.
-24.

-21

-18.
-15.
-12.

-11

-10.
-9.
-9.
-8.
-9.

-11.

-12.

-14.

-15.

-17.

-19.

-20.

-22.

-23.

-25.

-27.

-28.

-30.

-32.

-33.

-35.

-36.

-38.

-40.

-41.

.75
30
90
.65
72
63
65
.08
27
85
13

3.50
0.200

logyo (FD;/£V,)  ONE-THIRD OCTAVE-BAND SOUND PRESSURE LEVEL (SPL-OASPL) DB

-1.60 -32.16 -32.14 -31.97 -31.89

-1.5p =287 28 6928750 =284t
-1.4p -25.31 -25.29 -25.12 -25.04
-1.3p ~22.06 -22.04 -21.87 -21.79
-1.2D -19.13 -19.11 -18.94 -18.86
-1.1p -16.03 -16.02 -15.85 15.77
-1.0D -12.86 -12.84 -12.77 ~12.69
-0.9p -10.32 -10.34 -10.68 -10.75
-0.8p -8.67 -8.77 -9.28 -9.69
-0.7p -8.06 -8.24 -8.57 -9.29
-0.6p -8.16 -8.24 58337 -8.58
-0.5p -8.76 -8.64 +8.57 -8.59
-0.4p -10.82 ~10.70 ~10.03 -9.96
-0.3p -12.88 -12.66 ~12.39 -11.61
-0.2p -14.67 -14,55 -14,18 ~13.39
-0.1p -16.61 ~16,43 ~15.99 -15.16
0.0 -18.56 -18435 -17.78 -16.89
0.1p -20.47 =20.27 ~19.56 ~18.64
0.2p -22.37 ~22.19 -21.33 -20.39
0.3p -24,27 -26.12 -23.10 -22.13
0.4p -26.18 -26.05 -26.88 -23.86
0.5p -28.11 -27.99 -26.70 -25.59
0.6p ~30.07 -29.94 -28.56 -27.30
0.7p <32.04 ~31.90 -30.44 -28.99
0.8p ~34.03 ~33.86 -32.34 ~30.67
0.9p ~36.00 -35.81 23422 -32.37
1.0p ~37.96 -37.75 -36.09 -34.10
1.1p -39,90 -39.67 -37.93 -35.84
1.2 4183 6158 39,76 3760
1.30 -43.75 -43.49 -41.58 -39.36
1.40 ~45.66 -45.39 ~43.40 ~41.13
1.50 -47.57 ~47.27 -45,20 -42.91
1.60 -49.46 -49.15 ~46.99 -44,70
(T/To) 3.50 3.50 3.50 3.50
10910 (Vj/ae) < 0.100 0.125 0.150 0.175

TABLE A9 (CONTINUED)
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VARIATION OF VELOCITY EXPONENT m(Qi) WITH angle Qi AND JET MACH NUMBER Vj /ao
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Relative velocity exponent m(e;)

ARP 876C

CH m (e,)
degrees
20 1.1
30 U.5
40 0.2
50 0
60 0
70 0.1
80 04
90 1.0
100 1.9
110 3.0
120 4.7
130 7.0
m{e;)
V./a
o, 39 <1.10 1.18 1.33 1.47 1.62 1.77 | >1.95
degrees
140 1052 9.8 9.1 7.8 7.2 6.3
150 10.4 9.8 8.7 6.5 5.4 4.0
160 105 95 79 673 47 3+t 1.0
TABLE Al2
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APPENDIX B

DATE OF COMPILATION
March 1980

6. PREDICTION OF SINGLE STREAI1 SHOCK-ASSOCIATED NOISE FROM CONVERGENT NOZZLES AT

6.1

Static Conditions:

SUPERCRITICAL CONDITIONS

An incorrectly expanded supersonic jet contain

s shock

waves which interact with jet turbulence to produce a source of noise in

addition t
noise may
always pre
approach ¢
2 and 3) R
shock-assg
prediction
noise froi
method pro
pressure 1
obtained f

Shock wavd
which is 4

mation rel
Tevel at a

SPL{r,e.,f
J

where

o that due to the turbulent mixing process. While shock
be reduced by attention to nozzle design, this source\®f
sent with a circular convergent nozzle. Allied tocthe t
f Ref. 1, definitive model and full scale experimental w
as provided the following procedure for estinating the b
ciated noise content. Taken together with thénixing no
procedure of Appendix A, this enables the-prediction of
the shock-containing under-expanded jetOto be executed.
vides for the estimation of the one-third octave band so
evels, which may be combined with thélsound pressure lev
rom Appendix A by adding the squared sound pressures.

s in a choked jet are responsible for a source of broadb
function of pressure ratio.and nozzle diameter. The me
ies upon the derivation ofcthe one-third octave band sou

ny angle from the jet axis“ej and frequency f from the f
N-1 . N-(i+1)
i
) - 10 Tog,, (1&34/0i)]1 2 {[C(a)1F X [1
10 i1 1 ot

>

[COS(UQjS)][Sin(bUQjS/Z)]})
10°tog1g [(D5/r)28M] *+ 10 Tog1p (bo) + Holo) + 148.8

+

Lassociated
noise is
neoretical
brk (Refs.
roadband
i se

total

The
ind
2] s

hind noise
thod of esti-
hd pressure
prinula:

oqis)]

qjs = [1.7i/(V5/a)1(1 - 0.06¢s + [(i + 1)/2]})(1 - [0.7(Vj/a)cos e5])

Note 1:

Symbols in Section 4 apply and,

(B2)

olo) = group source strength spectrum, dB [ master spectra given
in Fig. Bl and Table Bl
1{o) = correlation coefficient spectrum
= 8 (number of shocks)
= 0.2316 (for one-third-octave-band proportional bandwidth)

rn—J
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B-2

Note 1 (Cont'd):

Note 2:

Note 3:

Overall

we = 2nf
dimensionless frequency parameter = ucl/ag

pressure ratio parameter = (sz - 1)1/2

[ef

w0
1

exponent of pressure ratio paraieter g

=
]

—
i

1.1 8 Dj, metres

M; fully-expanded jet Mach number

Equation (Bl) requires two master spectra as nput for
prediction. These two master spectra, Hy(o)Cand Ci(o),
presented in Fig. Bl and the values are also tabulated

convenience in Table Bl. The Ci(c) spectrum can be usg
heated as well as unheated jet conditions. The Ho(o) S
shown here should be used for heated jets only. A heat
defined here as a jet having totaldtemperature ratio gn
1.1. For prediction at unheated.conditions, the Ho{o)
presented here should be reduced in Tevel by 2 dB at al

Te

Moreover, for the heated “and unheated cases, the expong
pressure ratio parameter g takes the following values:

4

g < 1.0, heated @nd unheated jets: n

g8 > 1.0, heated jet: n=2

g8 > 1l.0yHunheated jet: n=1

Sound<Pressure Level Prediction

It is rd

commended that the wideband or overall sound pressure 1g

the

are
for
d for
pectrum
ed jet is
eater than
spectrum
1 values of

nt n of the

vels for

shock-a

pressures from individual one-third octave SPL's.

SoCTated noise shoutd Strictliy be preditted by addinmg—t

e squared

However, an approximate

prediction of OASPL can also be obtained by using the followiny empirical
relationships (which are independent of angle 6j):

(a)

(b)

Heated jet, 8 < 1.0:

OASPL (dB)

157.5 - 20 log10 (r/Dj) + 40 loyyp 8

Heated jet, 8 > 1.0:

OASPL (dB) = 157.5 - 20 Togyg (r/Dj) * 20 Togjp 8

(83)

(B4)
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Uverall Sound Pressure Level Prediction (Cont'd.)
(c) Unheated jet, g < 1.G:
UASPL (db) = 155.5 - 20 logig (r/Dj) * 4G Togig 8 (B5)
(d) Unheated jet, s > 1.0:
UASPL (dB) = 155.5 - 20 10910 (r/Dj) + 10 log1p # (B6)
Angular Rapge—of-Application
For unheated jets the method is accurate for ej > 50°. For smalPef angles
detailed apalysis indicates that some over-preciction may occlr. fKowever,
at those angles the shock-cell noise contribution is smallsand pre¢iction
may be baspd on the mixing noise contribution alone.
For heated| jets (total temperature ratios greater than approx1mate y 1.1)
the present prediction method can be applied for akl ej > 306°. Th¢ over
prediction| mentioned above is unimportant (and uncheckabTe) for th¢ majority
of rear arf angles due to the complete dominapnce of the contributi¢n of jet-
mixing noife.
Flight Conditions: It is widely accepted, that the effect of forwapd speed
on a source (such as the shock-cell component), which is effectively moving
at the samp speed as the aircraft, iS’affected by a 4th-power Doppler
amplificatfion factor.
To translate the spectrum levels or overall sound pressure level obtained in
Section €.]l to flight conditions, a 4th-power amplification factor|shoulc be
applied as| follows:
SPL{f1ight)s="SPL(static) - 40 Togip(l - Macos ¢) ($7)
where Ma =[ aircraft/ kach number
¢=ei_
o. = angle to engine intake axis, or (180 - ¢ ) where intake ancd jet
! axes are dissimilar
= angle between airplane flight path and engine thrust axis
Parties Contributing to Compilation of Appendix B:
General Electric Company, USA
Lockheed-Georgia Company, USA
Rol1s-Royce Limited, United Kingdom
SKECMA, France
The University of Southampton, United Kingdom
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MASTER SPECTRA Ho(o) AND Cy(o)

ARP 876C

= wCL/a Ho(c), dB Cl(c)
0.2 -33.2 0.70
0.3 -27.6 0.H
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
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
100 -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

TABLE Bl

3
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APPENDIX D
DATE OF COMPILATION
February 1980

PREDICTION OF NOISE FROM CONVENTIONAL COMBUSTORS INSTALLED IN GAS TURBINE
ENGINES

8.1 Static Conditions: The advent of the modern high-bypass-ratio turbofan

engine jncorporating quiet fan technology has focused attentiop fon
interna)ly generated core engine noise. The inherent low jetCndise floor
due to reduced mass efflux velocity and shielding by the f@n'stream has
revealefl Tow frequency noise emanating from within the core nozzle. This
has varjously been termed as Core Noise, Tailpipe Noise, Interndl Noise,
Excess Noise, and so on. Core noise has been attributed to sevqral
differeht sources, but the combustor in particular has received |the most
attentibn in the form of both direct combustion{noise and indirgct “entropy"
noise. | This noise source is common also to turbojet and turboshaft engines.
This appendix is concerned with prediction of-Combustor noise from gas
turbine| engines.

The best definition of combustor noise-is probably provided by furboshaft
engines| because of negligible jet noise and absence of a fan. The initial
formulakion of the proposed prediction method was therefore based on
turboshaft engine data. However, ‘the final correlation utilized data from
all thrke classes of engines<anpd the recommended spectrum and directivity
have bepn validated using component and model data. The combusfors were of
various| conventional types, i.e., annular, can-type, and "coannglar" or
hybrid type.

The prefiction prodedure is outlined in Figure D-1. The overal sound power
level (PAPWL) isCfound as a function of the combustor operating|parameters
and turbine temperature extraction. A power level spectrum is @lerived by
imposing a spectrum and a directivity assigned to obtain the solind pressure
level (BPL)~distribution at any angle. This procedure may be ipplemented by
using Figlres D-2 and D-3. For consistent application, the basjc information
in Figures D-Z and D-3 is repeated in Tables U-I and U-c.

D-1
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§.1 (Continued)
The method of calculation is as follows:

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

-4
© oy 2 2
M.a T, -T P (T, - T.)
OAPKL = 16 Tog, . | =2 + 10 10g 4" 3 3 4 " 5" ref] |- 60.5 (1)
10 10 p
ref T3 0 Ty
where M3 = combustor mass flow rate, kg/s
P3 = combustor inlet total pressure
(Tqg - T3 = combustor total temperature rise, X
(14 - T5 rof = reference total temperature extraction by the turbines, at
maximum takeoff conditions, K
Tref = reference power, 10712 watts (1pW)
Subscript 0 = sea level standard condition
Temperatgre Tg = 286.15 K
Pressure [pg = 1.01325 x 105Pa
Speed of |Sound ag = 340(294 m/s
Step 2 - Use Table D=l‘or Figure D-Z to define the power level spdctrum.
Hor basiciprediction purposes, the peak one-third octave |band in
the power-spectrum is assumed to be 400 Hz. However, whdre the
iethod is being used with data where the peak is known td be
41ightly above or below 4GC Kz, it is recommended that tHe power
dpectrum herein be adjusted such thet—its symmetricat—shdpe is

retained, but based upon the observed peak freefield value.

Such

Step 3 -

SFL (f, e
D-2

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) (2)

where S (f) is the spectrum shape factor of Table D-1 and Figure
D-2.

The sound pressure Tevel (SPL) at each farfield angle along an arc
is found using:

)
i

2
PWL (f) + DI (ei) - 20 1oglor + 10 1oglO (pam ref/4n Pref®) (3)
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Note 1

Note 2

8.2

Flight Conditions:
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876C

(Continued)

where DI - farfield directivity index (Table D-2 and Figure D-3)

8; = angle from inlet, degrees (axjal reference from core nozzle
exit)

Pref = reference pressure (20uPa)

r arc radius, m

Bl

nd
Laa"

a0 +4 ] 4 . 10O Jan ) o 4 N o
wHCT T onC—ra st LtOT 15 - L0.0 GD gnder sidnadrad Comnal

[he values thus calculated represent an idealized free fi
pf a non-attenuating atmosphere and absence of effedts of
surface. In a practical case, these SPL's must be adjust
account for atmospheric sound absorption and for ground j
pffects.

Accuracy of Prediction

t is estimated that predictions of .combustor noise overa
evel (OAPWL) will be accurate within +5 dB to -3 dB, bas
rorrelation of data of turboshaft, turbojet, and turbofan
of five manufacturers. This aGturacy is estimated for th
186 to 222 in the Equation 1 correlating parameter.

)
10 Togyg (M3 ag/m,0¢ 320 Togyg (T, - T3)/T;] + 20 Tog,

The directivity index is assumed to be the same for all f
$ome model tests have indicated a change for very low fre

ull-scale engines, such changes should probably be appar
requencies below 200 Hz. The perceived noisiness weight
uch freguencies is so small that the error accruing from
ing¥e directivity for all frequencies is almost negligib
erceived noise level calculations.

ith the peak ‘angles shifting from 120  toward the jet axis.

Ljon

eld case
a ground
ed to
lane

11 power

ed on
engines

e range of

0 (P3/p0).

requencies.
quencies,

For

ent for

ing for
use of a
le for

It is widely accepted that the effect of forwa

rd 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 Section 8.1 to flight
conditions, a 4th power amplification factor should be applied as follows:

SPL (flight) = SPL (static) - 40 logig (1-My cos @)

D-3
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8.2 (Continued)

where My = aircraft flight Mach number (Va/ag)
g =05 - v
8; = angle to engine intake axis
y = total incidence {(angle between aircraft flight direction and

engine inlet axis)

8.3 Parties|Contributing to Formulation of Appendix:

AiReseafrch Mfg. Company of Arizona, USA
Detroit| Diesel Allison, USA

General| Electric, USA

Nat'l Gps Turbine Establishment, United Kingdom
Pratt &| Whitney Aircraft, USA

Rolls Rpyce Ltd., United Kingdom

SNECMA, [ France

The Boefing Company, USA

8.4 Referenfes:

FAA Repprt No. FAA-RD-77-4
GE Core[ Engine Noise Investigatioeh’Program - Low Emission Engings
R. K. Mptta, G. T. Sandusky, V.tkL. Doyle (1977)

FAA Repprt No. FAA-RD-74-125

Core Engine Noise Control.Program - Vol. III, Supplement 1 -
Extensipn of Predictian)Methods

S. B. Kpzin, R. K. Matta, J. J. Emmerling (1976)
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Semi-Empirical
Relationship Equation
Input: p3, T3, T4, M3

(T4-Ts)refr Por Tor 3o

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 D-1
FLOW CHART FOR COMBUSTOR NOISE PREDICTION
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Table D-1

SPECTRUM SHAPE FACTOR FOR COMBUSTOR NOISE

1/3 OCTAVE BAND CENTER RELATIVE POWER LEVETL
FREQUENCY (f), Hz (PWL-OAPWL) , dB

31.56 -38.17

40 -34.7

50 -31.2

63 -27.2

80 -23.2
100 -19.9
125 =17.0
160 514.1
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

D-6
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Table D-2
FARFIELD DIRECTIVITY INDEX FOR
COMBUSTOR NOISE
Angle From Fairfield Directivity
Inlet ~ (O;), 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 -1.9
160 -5.1

* axial reference from core (primary) nozzle exit

D-8
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ADDENDUM TO ARP &76

A.1 BACKGROGUND TG SELECTION OF PREDICTIGN METHODS IN ARP 876

The main body of SAE ARP 876, first published in March 1576 t
original and outdated SAE AIR 876 published in 1965, contains
methods agreed by the SAE A-z1 Committee on Aircraft Noise to
state of the art at the time of publication. In making its s

o replace the
prediction
reflect the

election of a

prefefred method the SAL A-ZI Tommitlee has 1O CONSIdeEr:

(a) The desirability of publishing a prediction method for a
noise-producing component of a jet engine.

(b) The amount and technical quality of the information on w
g¢omponent method is based.

(c) The simplicity of correlation of available data and the
{nformation required to execute a prediction.

(d) The accuracy of the final method,*and
(e) Any likely foreseeable improveménts brought about by new

Whilst ltem (a) above is a prerequisite to SAE A-21 Committee acti
(d) is considered in each Appendix to SAE ARP 876, items (b), (c)

ny particular

Hich the

llevel of input

work.

yity, and Item

gnd (e) are the

subject of |protracted and exhadstive surveys and discussions in thg lead-up to
defining a|method. In order to understand the background behind the decision to

proceed with the publicationiof each Appendix of SAE ARP 876 it wa

§ decided to

prepare thjs Addendum, so-ds to reflect the deliberations of the Ggs Turbine
Propulsion|Subcommittee ‘of the SAE A-21 Committee, and to referencg all available
informatiof considered: It is compiled in appendix form to echo the subject
matter of the main body of SAE ARP 876, and allow for future updating.

| A(1)
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A.2

A(ii)l

HISTORY 0

F THE PREPARATIOR GF THE APPENDICES TO SAE ARP &76

In October 1970 the SAE A-z1 Committee on Aircraft Noise deemed it timely to
review the validity of SAE AIR 8§76, which was issued in 1965 as a summary

correlati

on of jet engine exhaust noise.

The need for a review was largely

a function of the emergence of high bypass-ratio turbofan engines with
exhaust velocities considerably Tower than the range considered in SAL
AIR 876, and turbojet engines for supersonic transports at the other end of

the scalg=

An ad hog
deficient
of jet vd
which thg
period.

prepared
procedurg
internal
specificy
and becal
ducting 1
jet trang

The depth
the Appe*
became a
take acc
Appendix

<

group was formed, and reported in 1971 that SAE AIR 676

in several significant areas over and above the guestid
locities covered. Accordingly, a subcommittee was' formg
n reviewed available information over the subsequent twq
In 1975, the subcommittee determined that a new document
covering known sources of exhaust noise in)separate preg
s. The topics of single and coaxial jets, shock-associa
noise were proposed for study.. TurbomaChinery noise was
11y excluded because of the proprietary nature of much ¢
se of the complication of the useCof acoustically lined
or installations in high bypassiratio turbofan engines f
port aircraft.

and intensity of activity-that took place in the prepa
aices to SAE AKF 876 was-substantial and significant.

ailable as methods were developed, and the methods were
unt of such developments.
at a particular.date was a matter of divided opinion, s

given time there was always a new piece of work about to produce

which mwi

lit have solved immediate problems. As a result the mat¢

was
n of range

d in 1971
-year
should be
iction

ted and

f the data

engine
or civil

ration of

New data

adjusted to

In some cases the decision t¢ publish an

nce at any
information
brial in the

Appendices to this Addendum reflects the fact that in some instances

alternat
inclusio
unarimou

ve procedires were available, and that the method selec
in SAE-ARP &76 was, frequently, a matter of consensus
agreement.

red for
rather than
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APPENDIX A

CIKCULAR NOZZLES

AA.1

INTRODUCTION:

Up to[the time when the SAE A-Z1 Committee on Aircraft Noise decided to
take a second look at its published method for predicting jet’|noise,

SAE AIR &76 and the work of Colesl were the only published\correlations
of jetl noise that permitted a prediction process to bLe indertaken. Those
works|stood the test of time up to the early 15970's when the introduction
of th¢ high bypass-ratio turbofan and the development of the gupersonic
transport revealed a need for the ability to predict jet mixing noise and
other|associated components of engine noise tgya/far greater degree of
accuracy, both within and outside the jet velocity range thus |far
considered.

The imitial move by the Exhaust Noise Subcommittee* was to circulate the
then %ub1ished static engine and medel correlations of Ahujga and

Bushel1¢ and to seek comparison with’other available data. Such data as
emerged, from the General Electric Company for model1s3 and fulll scale
engings 4, Lush®, and the Societe Nationale d'Etude et de Congtruction

de Moteurs d'Aviation (SNECMA) and the National Gas Turbine Edtablishment
(NGTE}® revealed a sensible/correlation of wideband sound pregsure level
values from tests of scale model nozzles, when normalised for |jet area and
density and referencedvagainst fully expanded jet velocity. [iscrepancies
in th¢ ability of the“correlation procedure to collapse the tgst data were
noted| however, at High velocities and temperatures (where it |appeared that
jet dénsity was)a variable rather than unique function) and irf the
considerable (sgatter in high frequency sound pressure levels.

STATI( CORRELATION:

By 19731t Tad beem determimed that the Highfrequency datascatter was
probably a function of noise generated internally in some of the model rigs
from which data had been acquirea. This conclusion was borne out by the
even greater variability of data from engines, first indicated by Smith

and later highlighted by Bushel1® in the correlation of Fig. AAL. At

* Because of an enlargement of the scope of the subcommittee's
responsibilities, the name of the subcommittee was changed in 190 to the

SAE A-Z1 Gas Turbine Propulsion Noise Subcommittee.
|AA(1')
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AA.3

AA(ii)I

that time sources of noise other than those originating in the turbomachine
were variously identified and labelled as core, tailpipe, excess or even

combustor
Aircraft,

sources.

facilitie

noise.

Additional unpublished data from Pratt & Whitney

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

In view of the multitude of noise sources in data from engines,
it was decided to concentrate solely on information from high quality model

s. In fact, by 1974 the second round of subcommittee ac

tivity led

to significant new work being undertaken within The Boeing Company, the

NGTEY and
flight ef
establish

By 1975,

high qual
Additiona
included
method de
contained
Boeing.

The resul
1977 in a
levels ag
document

Council f
Appendix

dealt onl
nozzles u
function

following

STATIC-TO

SNECMA on model jets, and an upsurge in activity on sta
fects throughout industry and government aircraft nojse
ments.

the acceptable data base had been reduced to measSurement
ity facilities at SNECMA, NGTE, Boeing and General Elect
| high quality data from the Lockheed-Georgia Company we
at a later stage. The background data apdvsubstantiatio
rived from this work in the per1od bgtween 1975 and 1977
in major internal reports from Lockheed, SNE

ts of all this work were drawn:together in the period fr]
comprehensive document correlating 1/3rd octave band sp
pinst jet velocity and densijty for varying temperatures.
was approved by the SAE<A-21 Committee and the SAE Aeros
pr publication in 1977y-and appeared as the initial vers
A of ARP 876 in March)1978. The initial version of Appe
y with jet mixingwnoise from single stream shock-free ci
nder static conditions. The derivation of a transformat]
to account for static-to-flight effects, discussed in th
paragraphsjwas not finalised until 1980 and published

LFLIGHT(EFFECTS :

To be use
predictio
condition

fulin predicting operational noise levels, any aircraft

tic-to-
research

s from the
ric.

re

h of the
are

CMA and

om 1975 to
ectral

The

pace

ion of
ndix A
rcular

ion

e
in 1961.

noise

C method requires the ability to predict under inflight
. [}

ixing

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 AIR 876 of 1965 was directed

primarily
aircraft

noise lev
The recommended curve from whi

at providing an estimate of maximum “pass-by"
Mach numbers below 0.35.

el for
ch the

maximum pass-by noise level was ascertained was essentially an average of
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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 relationsh}g between static engine and aircraft flight
levels was published by Bushel1+* 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 1n wind tunne1s, where forward
motion wg mutated by c—tunme OW e a d erences were

in the prediction of an amplification of eng1ne noise in the far
quadrant] under actual flight conditions, but a reduction unders
flight cpnditions with models of the same quality as used dn def
basic jelt noise correlation of SAE ARP 876 (see Fig. AAZ),

The Bushel18 correlation used as a basis the transférmation func
developeld by Cocking and Bryce16, which utilized-an) exponent (m)
ratio of] absolute to relative jet velocity and.a“Doppler amplifi
factor as shown in Fig. AA3. That format became the basis for i
studies |by the A-21 Subcommittee in 1974. The aircraft static-t
effect sleemed to be in good agreement withiresults from a whirli
facilit.17 and it was not until the appearance of the work of
SNECMALY: 19 on the Bertin Aerotrain, aork in the NASA Ames 40ft
wind tunnel and other facilities, and new flight test evidenceZ0
real debate started.

From thdt time to the date of ;publication of the static-to-fligh
in Appendix A of SAE ARP 876, controversy continued over the rea
of forwdrd motion on jetwnoise. Moreover, there was no ideal so
the profjlem, since there)was no accepted rationalization or expl
the difflering effects-between observations on aircraft, engines

simulatdd flight conditions, and model jets under various modes

simulatilon.

Many podsible reasons exist for these differing effects includin
contrib t1ons from a1rframe no1se50, the contribution from the ¢
engine, lerg i
the measured Jet m1x1ng noise from a]] but acoust1ca11y "clean”

influenced bx gmp£1f1cat1ons due to the presence of internal noise from the

core eng1ne A1l these effects are, of course, signific
the total process whereby the individual noise source components
aircraft engine are built up to give the final measured aircraft
level (see Fig. AA4). On the other hand, it was recognized that,
above the observed differences of single stream nozzles, there m

vard
mulated
ning the

Eion

for the
cation
nitial
b-f1ight
Ng arm

80 ft
2% that

L section
effects
ution to
snation of

inder
pf flight

?
Dre

aition that

rigs is

ant in

of an
flyover
over and

ay be

AA(iii)
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AA.4

AA(iv)

significant differences between static-to-flight effects on straight
turbojets and unmixed turbofans, where the twin streams from the fan and
core engine discharge ducts will sense varying degrees of influence from
forward motion. In fact, the work by Stone of NASAZ4,35,36, ywhich used a
different, theoretically based, mode of transformation, may be as equally
valid as the empirical approach based upon the Aerotrain data. The
selection of the Aerotrain-based method of Section 5.2 of SAE ARP 876 was
made largely because the NASA correlation relied heavily upon data from
unmixed turbofan engines, whereas the Aerotrain utilized a straight
turbojet engine only and produced an effect which was roughly midway

betwee ge bserved—of—Some—airers trstatlations—and some models
in tunmels. That is to say, the method of Appendix A was consjdered to
providé a static-to-flight change which approximately averagded(the
differences in wideband sound pressure levels:

(a) Beétween those projected from measurements around.stationafy model
nozzles to flight conditions and those projected to flight conditions
ftom rodel tests with simulated forward motion, and

(b) Bétween those projected to flight conditions from measurefents around
ah engine test stand and those obtaiped from flyover noisg tests of
rcraft installations having the corresponding engines.

Q

hs a mhtter of SAE policy, the SAE -AzZ1 Committee on Aircraft Noise intends
to purbue the guestion of static-to-flight effects on a continliing basis
and will issue a revision to AKR'876 when convincing evidence s available.

VALIDA[ION:

By 1980, the jet noise.prediction methods of SAE ARP 876 had bpen checked
and vallidated in two (separate exercises. A validation of the prediction of
mixing| noise from shock-free jet flows under static conditions| was carried
out by| the NASA kangley Research Center. The overall validity|of the total
predicftion methed was checked by Working Group E of the ICAO Cpmmittee on
Aircralft Noise—as part of a study of noise standards for futurp supersonic
transpprt @ircraft.

The stiudyperformed by the NASA langley Research Center used information
from the model-rig and engine-noise data bases contained in Refs. 37, 38
and 39. Comparisons between measured and predicted results were generated
in terms of 1/3 octave band sound pressure levels at several angles.
Spectral and directivity comparisons showed excellent agreement for all
frequencies and angles for which data were available. Results in terms of
wideband sound power level (PWL) in decibels re 1 pw are tabulated in
Table AAl along with relevant nozzle and jet parameters. The agreement
between the measured and predicted sound pressure levels is confirmed by
the sound power levels where the computed values were generally only
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between 1 and 2dB Tower than the measured values.

The study conducted by Working Group E of the ICAO Committee on Aircraft
Noise used an early version of the method finally approved for publication
in Appendix A of SAE ARP 876 for calculating the effect of forward motion
in conjunction with drafts of Appendices B and D of SAE ARP 876 to predict
shock and combustor noise, respectively. With due allowance for
turbomachinery noise components, the total prediction method was shown to
produce an average underprediction of 1 to 2dB for perceived noise level
and effective perceived noise level40., The magnitude of the

underprgdicts ] i € NASA Langley
study off sound power levels and was considered to be caused by €ngine-in-
stallation effects, and possibly, airframe noise contributions, heither
factor Being considered by the prediction method.

By 19804 the basic jet mixing noise prediction methodcof Appendik A of

SAE ARP 876 had been widely adopted by many industrial organizatfions and
governmgnt agencies. It should be noted, however;. that to accoupht for the
results|of the two validation studies described. above, many users increase
the norijalized wideband sound pressure levels.of Fig. A2 and Tablle A2 of
Appendix A of SAE ARP 876 by 1dB when predicting the jet mixing phoise of
full-scdle turbojet engines.

AA(v)
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