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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 affiliated bodies contributing experimental data or other
information used in compiling any one Section will be included. Correspondence should be

addressed to tHe SAE Tor the attention of the A-2 T Committes and appropriate disfribution.
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1.

3.

3.1

SCOPE:

ARPS876 is intended to provide specific recommended procedures for the prediction of gas
turbine jet exhaust system noise sources. Procedures are issued as separate Sections, to
allow for future updating as additional methods, consistent with state-of-the-art, become
available.

SOURCES OF EXHAUST NOISE:

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

a. Pure jetimixing noise resulting from a hot core exhaust stream mixing with’ ts
surroungling environment (which may be influenced by a bypass flow)

b. Pure jetimixing noise resulting from a cold bypass stream mixing with both fthe
surrounging environment and the core flow

¢. Shock gssociated noise, where either or both hot and celd exhaust systemg comprise a
choked final nozzle

d. Noise frpm the core engine resulting from aerodynamic disturbances upstr¢éam of or at
the final nozzle, including combustion noise.

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

All the aboye sources combine in varying degrees to produce the overall exhalist noise

characteris:ﬁcs. The relevance of each source is a function of both engine operpting

condition and aircraft speed. BeCause of the dependence of aerodynamic bladjng noise on

the intimate] design configuration of any given engine, this aspect is specifically excluded

from subsequent consideration, and every attempt has been made to remove such

phenomend from any engine data used.

NOTES ON USE.OF PREDICTION PROCEDURES:

Prediction-meéthods included in this document are self-=contained. To develop an estimate

of the total exhaust noise signature from an engine it is necessary to integrate the

individual

source components.
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This is effected by estimating each component spectrum and summing the energy in each
one-third octave band. This is usually most conveniently carried out prior to any
extrapolation to the relevant distance or corrections for atmospheric conditions 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 suppression features or installation effects is made in the component calculation

state.

3.2

Methods contained in this document are expressed in terms of nhoise levels that would be

measured under free field conditions. Reflective augmentations and cancellations from

real surfafes, primarily the ground surface over which measurements are mg
peaks and troughs in the observed test spectra, and these have been cofrec]

experime

Spectra ard directivity plots in this document must, therefore, be.converted t
t

field cond
AIR1327
concrete,

3.3 The predi

the acousgtic far field, but corrected for loss due to@tmospheric attenuation a

for distan
Since pra
normal in
absorptio
absorptio

3.4

not reco
available
4. SYMBOLS:

do

A

Prediction
the norma
methodsnlo higher flightispeeds, or use for estimation other than in the acous

tal data used where they have not been obtained under anechoic

ions to make them representative of typical measurements “in the
brovides guidance on such conversion for an acoustically hard surf
tarmac) and advice on how to deal with other typical surfaces (e.g.

Cction methods provide spectral information derived from measurem
e,
ctical distances involved in aircraft'noise calculations are large, apg
erse square law correction, allowance must be made for atmosphg
. SAE ARP8686A provides a,standard method of allowing for atmosg

h under a range of ambient temperature and humidity conditions.

methods are directed at producing estimates of noise levels genel
| take-off and approach regimes of aircraft operation. Extrapolation

mended sihice experimental evidence in support of such extrapolat
at the time)of preparation of this document.

de, produce
ted out of the
conditions.

b hon-free-
field”. SAE

hee (i.e.,
grassland).

ents taken in
nd normalized

rt from the
ric
pheric

ated during
of the

tic farfield, is
on was nhot

Ambient speed of sound

Cross-sectional area of jet exhaust nozzle

{with subscripts to define nozzle referred to)

Cv

DI

Velocity coefficient for relevant discharge nozzle

Farfield directivity index

m/s

dB


https://saenorm.com/api/?name=444eba762c3ff005bbc0eb3a6180a010

SAE

ARP876E

Page 9 of 116

EXA

ISA

m{©1)

NPR
OAPWL

OASPL

Po
Pisa

Pref

Pisa

PWL

Exhaust nozzle diameter (with subscripts)

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

Frequency
Gravitational constant; 9.80665
International Standard Atmosphere

Sound pressure level

Relative Velocity exponent used in converting
static mixing noise to flight conditions

Jet Mach number Vifa,)

fircraft flight Mach number (Va/ag)

Jet velocity exponent

Rotational speed (with subscripts)

Nozzle pressure ratio (Pi/Py)

Overall sound power level (re 1 pV\)

Overall sound pressure level (re 20 uPa)
Bound pressure

fmbient static\pressure

Btatic pressure under ISA, sea level conditions

pCoustic reference sound pressure, 20 uPa

Total pressure
Ambient-total pressure

Total pressure under ISA, sea level conditions

One-third octave-band sound power level (re 1 p\W)

Hz

m/s

dB

rpm

dB

dB

Pa

Pa

Pa

Pa

Pa

Pa

PA

dB
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Sr

S
SPL

s < K

x

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

Gas constant with value 287.05 J.kg' K based on the

universal gas constant of 8.31432 x 10° JI[K(kg-mol)] and

mass per kilogram-mole in dry air of 28.9644 kg/(kg-mol)
Strouhal number

Normalized free-field Overall Sound Pressure Level

J kg 'K

dB

ower level spectrum shape factor

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

Ambient static temperature

Total temperature

Ambient total temperature

Jet total temperature

Forward speed of engine (i.e, airplane)

-ully expanded jet velocity (with subscripts)

Massflow rate

Number of shocks in supercritical jet

Noise source location downstream of primary nozzle exit

Jet-pressure ratio parameter

dB

dB

N S N

m/s
m/s

ka/s

Ratio of specific heats for propulsion medium

Angle to nozzle axis (with subscript
i inlet, j jet)

Wavelength

degrees
{except where
stated)

m
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E Strouhal frequency adjustment factor
Toref Acoustic reference power, 1 pWW Watt
p Density kg/m3
PIsA Atmospheric density under ISA conditions (1.225 kg/m3 kg/m3
based on atmospheric pressure of 1.01325 x 10° Pa at
an air temperature of 288.15 K)
Pj Fully expanded jet density kg/m®
¢ fhgle between direction of aircraft motion and degrees
direction of sound propagation
yr Angle between airplane flight path and engine thrust axis degrees
@ /gr!able qensity index used in computing OASPL from jet
mixing noise
Subscripts:
i intake
i jet (general)
aoro mbient
p rimary jet
s econdary jet
m ixed jet
std tandard (e.g., sea level, ISA)
NOTE: The units quoted for the physical quantities are the recommended Systeme

Internationale units. Except for the logarithmic quantities, temperatures and angles,
any other consistent system of units may be used since results are expressed as

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

5.1

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 temperature conditions. That
work shoyved that jet mixing noise level and spectral character is a fungtion gf the following
principal parameters:
a. The velocity differential between that of the jet and its environment
b. The jgt density relative to the density of the surrounding air
¢. The jgt dimensions
It has begn concluded that one of the most convenient ways to express jet noise
character|stics is to consider first the normalized overall sound pressure leve] (OCASPL) as
a function of jet velocity (Vj) and angle of measurement (6; or 6)) and to then felate the
spectrum|(on a one-third octave-band basis) to the overall level at any point |n the field.
This procgdure may be adopted by.using Figures 2 through 12. The information in Figures
2 through|12 is also presented in Tables 1 through 11.
The methpd of calculation is~as follows:
Step 1—Calculate the-fully expanded mean jet velocity (V) from a knowledge of jet

1

emperature and pressure, where:

Vi=C {[(2ng)/ (v-1)[r][1- NPR(*{U/«(HHZ

(Eqg. 1)

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

V, = static gross thrust divided by mass flow

Step 2—Using Vj obtained from Step 1 and the ambient speed of sound (a,) obtain the
variable density index {cw) from Figure 2.
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Step 3—For any desired angle and jet velocity use Figure 3 to obtain the normalized free-

field overall sound pressure level (S) where:

SOASPL—10Iog1O{ (A,-/rz)}—20Iog1o (Po/Psa)

(Pf/ Po )m

for the value of V; at any desired angle.

Step 4—Calculate the overall sound pressure level (OASPL) from:

OASPL =S +10log,, (pl,-/po)@+10Iog10 (Aj/r‘)+20 log,o (PO/P,SA

Step 5—Lalculate the one-third octave-band spectral levels from Figutes 5 t

follows:
Determine the Strouhal frequency adjustment factor & from Figure 4
calculate (fDy/EV)) for each one-third octave-band centre frequency.
Figures 5 to 12 with the values of (fDy£V)), and values of (T;/T,) at t}
0g1o (V/a,) and 6; to determine values of ene-third octave-band rels
bressure level (SPL - OASPL).

For values other than those specified in Figures 4 to 12, linear inter
angles (6)), and on the values for logy, (fD/EV)), logyo (Vifa,) and (T
ecommended.

‘rom the values of OASPL and one-third octave-band relative soun
evel (SPL - OASPL)as derived in steps 4 and 5, respectively, calc
f one-third octave=band SPL.

Step 6—H

hese values-represent the free-field jet noise spectrum at position
ree atmosphere.

Note 1 he'spectra of Figures 4 to 12 satisfy the following condition

33
21 00.1(SPL,-—OASPL) —0

log,q

i=1

(Eq. 2)

b 12, using jet
elocity (V}), temperature ratio (T;/T,), nozzle diameter (Djpand the angle (6) as

and then
Enter

e values of

tive sound

bolation on
o) is

H pressure
ilate values

(r, 8) in a loss

(Eq. 3)
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5.2

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

~1.6<logyo (fD;/EV;)<1.6

Note 2 Accuracy of Prediction

(Eg. 4

The accuracy of prediction of OASPL at (r, 6) 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,

1

Flight Condition:

Forward s
Work in th
going fror

predictions will be accurate within £3 dB at all frequencies.

peed has the effect of reducing the shear between th&jet and its e
e 1970s produced conflicting evidence on the change in jet mixing

produced

facilities gnd aircraft. The differences may be associated with contamination

sources,

upon datg obtained on a ground based engine flight simulation facility. In gen

a greater reduction in level than tests carried:out on ground based

oth engine based and aircraft installationinduced. The method he

hese imits apply to the extreme cases. For att normat purposes, the majority of

hvironment.
noise in

N static to flight conditions. Model scale wind tunnet testing has, in general,

engine

by other

ein is based
eral, the

results ofj[applying the prediction method fall between the extremes represented by some

model tegts and some aircraft flight tests.

The meth
Section 5

For a jet ¢
temperaty

Step 1—(

1

bd relies upon a modification'of the static sound pressure levels ob
1.

f given velocity Vj(eorresponding to a given nozzle pressure ratio 3
re), moving at a-flight speed V,, the method of calculation is as foll

Palculate the free field static overall sound pressure levels (OASPL

he exhaust conditions.

tained in

and
OWS!

as a function

bf angle foinlet axis, as outlined in steps 1 to 4 of Section 5.1, corrgsponding to

Step 2

Paleulate the OASPL in flight at any desired angle 8 (20° <6, <160

S

(OASPL(9;) OASPL(®;)| . —AOASPL(®;)

flight :{ ta

(Eq. 5)
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where:

AOASPL(8

with:

m(6;)

Yi

relative velocity exponent m(6;), a function of angle 6, between the
engine inlet axis and the line connecting an aircraft reference point

V. = Va/a,

aircraft reference-point *

and the observer location, shown in skefch, 1s given im Figure 13
and Table 12

Aircraft flight Mach number or ratio of airspeed)V, to §peed of
sound a, at the ambient temperature of the'surrounding medium

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

fully expanded jet velocity, corresponding to a given pgressure ratio

and total temperature of thé\jet and being the same in static and in
flight, see Equation 1

flight path

flight track

observer /

FIGURE 1
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NOTE: For consistency with the prediction procedure under static conditions, the aircraft
reference peint * 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 8;, following steps 5 and 6 of Section 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 humber

(fD; 18V,) (Eq. 6)
Ihas to be replaced by one based on relative jet velocity (V;<Va), that is:

DIV, -V, ) (Eq.7)

The value of £ is still obtained from Figure 4 forthe corresponding value of the jet
elocity V.

NOTE: Accuracy of Prediction

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

+3[AOASPL(8,)| = +[8m(8;) ><{1o log,, [vj IV, =V

} (Eq. 8)

dmM(e) being the(uncertainty in m(8;).

In the presént prediction procedure, the range of uncertainty of the exponent
{0 with-respect to aircraft flight test data is estimated not to exceed 1 unit
see €igure 14). This comment does not apply to wind tunnel mode| data where

the exponent m(B) is always greater than x1 unit over the angular range 60° < g;

i S T LA WA SR R P SR A AR P "R T-T 72)
= LU Aria Ry o T iae T o OO O ATt

5.3 References:

For the derivation and substantiation of the static prediction method, references may be
made to the following documents:
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5.3.1 Boeing Document No. D5 - 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.

5.3.2 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 TARP876 de la SAE.

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

des jets (SAE ARP876).

5.3.4 For a déscription of the Tacility on which much of the basic data used herelil
acquiredl, reference may be made to the AIAA Paper No. 76-534, July, 197¢
“Use of the Bertin Aerotrain for the Investigation of Flight Effects on Aircraff
Exhaust Noise,” by R. G. Hoch and M. Berthelot.

5.4 Parties Contributing to Formulation of Section 5:

Departmgnt of Transportation, USA

Douglas Aircraft Company, USA
General Blectric Company, USA
Hamilton Btandard, USA

Lockheed California Company, USA

Lockheed Georgia Company, USA
National Aeronautics and Space Administration, USA
National (5as Turbing Establishment, United Kingdom

Pratt & ithey Aircraft Company, USA

h were
b, entitled,
Engine

SNECMA, France

The Boeing Company, USA
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Pressure Levels of Pure Jet-Mixed Noise
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FIGURE 5 - One-third Octave-band Normalized Spectra 6, < 90°
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FIGURE 6 (Continued)
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FIGURE 7 - One-third Octave-band Normalized Spectra 6, = 110°
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FIGURE 9 - One-third Octave-band Normalized Spectra 6, = 130°


https://saenorm.com/api/?name=444eba762c3ff005bbc0eb3a6180a010

10

30

N__‘o

S0

Page 30 of 116

120

.175

r 3

12

<.15

]Oglo(Vj/ao)

1-6

12

ARP876E

1

1

MO

-1.2

g

1¥1 11
111318 13T 1131115 TUT A
g 4+
13 T RTHETIH 11377
IR HH 1] lx 114
ae -1 4 jpass 44
H 1443 44 4 ]
BEES
441 $+3444
414 4443+ 4
H+ 4 [
+ 1+
T TN
- SERE0S A
+4+++4 +14 1 N
BRANUREREORAIRAREEEEEEE II
4+ +14 {44144 14 ¢+ -4-4 14 I
- - N H 14+t t1+1
1ttt Ht 1+
+ -+ 1 E 1 -
JOSSRDR 44444444 ¢4 n)n
1 - 4 44
s agas H.r [ 11t T ] 1 *
i H 1

-10

-20=

SAE

=30
-40F
-50

4— 9P (1dSVY0-1dS ONVE-3AVLIO0 QHIHL-3NO)

1leo(ij/EVj)

bt by
b
IS SE B
i
TR

g

N D

FIGURE 9 (Continued)

—

e

+

-12

"

-1-6


https://saenorm.com/api/?name=444eba762c3ff005bbc0eb3a6180a010

SAE ARP876E Page 31 of 116

16 a2 -8 -4 0 4 8 12 16

0T T T I T Y
: : Tt +
l T
t T *
1
1u::' T
.::ZTj/o
pt—p—t=
H—+
YR a
SRR
-20 11 u
"
— i )8
IR 4 fatan
1l o1 ——
LA — i —
? AT ' . RS S e
mmey sw = e .
-30f e T * e 0
— H : M

-40 ‘ 10

4 4

(ONE-THIRD OCTAVE-BAND SPL-0ASPL) dB

41+
Ty t
* 1 -
S REBEBN
-t T
-10 40
T 1 I' HEE
DS i D
HD! — e
P i
4 -+ T v *
2.5t =
b
-20 s ! : . 50
1 !
M -
~+ +-+ c
- D
tl I -
v
-30 " ‘ T 5
¥ + 1
o o ‘ .225
TiT 'Sl ==t 2
HB S
= rossoifagy | 173
-4 - -
as H <125
+ T
! t
i
i o
T T
-50 + r——r ~+—+

1.6 -1-2 -8 A 0 4 8 12 1.6

1oglo(ij/EVj)

FIGURE 10 - One-third Octave-band Normalized Spectra 6, = 140°


https://saenorm.com/api/?name=444eba762c3ff005bbc0eb3a6180a010

Page 32 of 116

ARP876E

SAE

1.6

1.2

-12

40

1T 3 [1] T 1] T Y ]
ins 1] 1T ; ] 1t 111, 1
111 xI.ry\‘Af 141 L4 .ﬁ 3 - 0 R
-4+ PR pw . - L L+ - -4 . 4
55...& -+ a8y 4 A 44 . SN -
4404 Seagses
b1 1 2”111 87804 4 NS an aey 755% 4111
6o 0o ~ g == E== E T T et
- leAv. 4 3 Sars vl
-— TR Y 1] I 1 < JIH
—_ s s 2 4 .. 1113
-+ E ++ o 14 \ ¥ | 4 44 41 - ++ 14+ — 4141+
(11 1 < IIr - 397 ) T 1d]: T "o ATTTT
L +-4-4 14 4 o~y 3 14 4-4- 111 443 Yus 44344 ™ 4 U,AA
HH B & 3 H §os 2 4HH
44 b 444 S 111 14 Re \\ H +1t++ A - w
444 Cogld] 11 B - [ 1. 14 - .
4+ 14+ 11 111 nOuJ ..l; Br.E8n R 1 11 i T\L\\“\ L J-4 1 - m 44+ 1+-+4
+ -4 - 44 4 g - A | 1414 4. -§ 4 <)) s
+4+4 - +4 44 uq. 4 44 s 1/ L . -y +- o -4
—
Hi A -+ H L 44144
11111 K47 g ;1.‘:\ peniisn T
1] 4444 T H
1 ¢ | ]
1 Nhi T INNNSREERERAN
141 1 13 / L LI R H 44 .
SEEE " 4 L L4 4 4 4 L 14 [11 43 [ {4
v a P1rile -4 - L)
444 4 [ RENENS 14 +444 ]
J (11 %44 i1t T T
L+4+14 4 4444111 L1 - -1+ L+ 4+ 144
ssul o [ ERSAGOEREREERRSNES SERA S
HHT I it et
- - -+ 2940898 44+ 444 4 - 4 5 A . ﬁ
FRHEHEH - -4
Sns . 2 4 3444444 SUESEHSYSRERSENERY S p \y } H$- 3 . - -4+
L. 98 SRS BES L1 4414 ] SRS + -4 b
4+ o - = <4+ - -4+ 41 +1+ 1+ 4 =3 2 - . a 141 - 14 -
| L 34111 5 | {14 34413 144 -
THIT ansy g T sifiees
r SERE S L g RaNS s NERREERERA g
SEARbas 5 4 L1 sasusn . L1111 s P
- b4 SERSEE YN L - -4 s 3 . 431 LH4 4144+ 141 H 44
SRgRES g8 S RRRES [11 TIr [ 8L ERY] CHTHA H
243414+ 44+ HHH 4 [ HHEEU 1% g LT L T
-+ ¥ [ JUEE ] 44 11
4 + +1+ 1134 H- LI 114 | 4 .
Sunss SENNGIRNISS RRRnE RIS SRsERNE
14+ - -4-4 4 44 4.3 4= eSS EXEE S +
s H . L 8 [ 11 L] pES 1 4 [ 4
144 b+ + 1 HiH+ 4 44 1 1 41414 -
; sagfuadiscapogudndininggss T M 11 Y. y s
[ N g [ 1¥ | phuagn SERESREASNS
RESeS 4 H 4 A-F L - s FHHLE X SERBEZAANAN
RESS o + L} RO ] 4] : R +
i1t = r d J -+ -4 44 (1] ﬁ +§44 N II -4+ -
‘- | ~ 1 ™ - 4 141411 L L . N £} S ¥ 4
-y ] T © v 111 1
34 4. BERGRASRESRANS | - . .
T [ 8 | 111t . ] N i HHH
TH4H ::‘_# 3 1 ] H s APHHEE : -
- & 4 L 4
o
o~
t

-10F

-t

-30

o [=4
-3 n
' t

gp (1dSY0-14$ ONVE-3AVIO0 QYIHL-3INO)

1.6

12

12

-1.6

Togyo(fD5/EV5)

FIGURE 10 (Continued)


https://saenorm.com/api/?name=444eba762c3ff005bbc0eb3a6180a010

Page 33 of 116

ARP876E

SAE

1.6

1-2

-1.2

0

20

30

o o
o T nd ¥
L 1 ananns B I (TEXTTRTTTT ] . ¥ ] g
H 1} HHHF i HHL HHHHH I Hit
L] 1 ] 1111 y 0 ] 17
g 1 g
Tl ] — o 1 1] \ 147 ]
-4 4 <._ Ex= EEXE
B L) W D L
11 ¢ - paanbanngnte 7 N PV B
T 853 4 v e
2 i bai vl
AN > 1111 <
sufifs > - 14 111 o
E AL | 2
- E =1 +4 R - 3 /.:J 441
11T P p 11T POAOPRAS / dNNENE DR > On
au + i 4 44 aue 44 H44 o 4441
£ ynd JJAJ
] AT I 7] 11111t A 1 1§ [
-4 .4 ..N‘v 9 4 3 4 E 4 4
AL 111 7 8 - 1
e 7 J-l.l
LlM -4+ 1 ....\ 44 -+-4 4 4 444 144
+1¥4 444 " B 113 \. 1 11117 11+
11 SEREESBRSS nb B AT I A 1
AN AGKEN ; ARON ] . nES BESE NN
i. L ] 5 Al;,.Llﬁ ++4+4 . u.iﬁl ;\Y‘ﬁ NAJK.I ++4 4 ] ERE 44444
T3 TITHIA mm;u 331313 IPABINRERE [ I
- 444444 44- + 4+ 44 - 4 44444444 Y B g 4 4 1 -4 4
] B H HaT . 131] HHT M\\ P IS HHTH
HHHEAE T E USRI s 3 o A 14 i 11111111111 111
{ 444 1 4414 T#AA -+
. HHH H 117 m _ ] ]
.ﬁ\ . 44 1 L“ .A“ -4 4 .,4 b 444 “ ‘“ Y H 4 4 4 4
Inggs 1111 11 448 HITii1i334 ] ] ] 1
SRsERvdnt RUSEeauRipRuinyRis M A0S0S: RARRASRRENNE / aBRERE 1131717 | u 111111
A T4Tr 4t 4..4. = AL\ -4 1 - B t- ‘pl E 4 “A .;rL wv‘l ; 1 AL
i R P R : e 1DSEERERRASPESERIN
i 1] C, 1 Tnm SBE FRERESE SN 1111 h 1111
-4 N 4444 48444 14 L4 1 44
H . -1 4 b1t 343 31 p p p p
SHEBRRERG Mgt + H { SARNRER S ﬁ L §-] 1 {1 BRENESY 4
BESERENE BN REENEEIRES I YD [ LT ] I3 1] ] ) JITI1I00T I
SEERAEAS “ 4] H ] ] 1] # M .AA#A.L 4 4 1
a BS x‘w BESHDE B (S B T M - b m ) ; ] ] W 1 - »
HHHH TT IR NS 1 T W 11
+ b 44+ 1 4 ) | 11111 444 5 4 1
- - o + -4t 4 144 4 4 -4 4 N - - -+ -
8 SN B s 04 ghdhnglenum 11 Srf:, 1 :
- /..J.l 4 +44-4-4- -4 +4 Ll.z 4 4 500 Jvl . - = % g
; T I 11 ] ] ] O RRRRS ] |
1ﬁ.1r_w‘ AR 44 HTI T ﬁ UL NI J: r1 ]
1 ?::. sganins 11 ) H
83132358 RESRRRERE222TNRE F BE SEERE !

-10

-20

-30

-40

-10

-20

“4— dp (TdSVO-TdS QNVE-IAVIDO (HIHL-ANO)

- 30y

- 40

-50

16

12

-12

-1.6

Togo(fDj/&V;)

FIGURE 11 - One-third Octave-band Normalized Spectra 6, = 150°
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s [AOASPL(8,)], dB

10 Tog,, [V,/(V; - W]

FIGURI 14 - Estimated Range of Uncertainty Associated with Calculated Values
of A OASPL (6;) for Various Jet Velocity Ratios and Uncertainty in m(€;)
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TABLE 1 - Variable Density Index o

(Reference Figure 2)

log1o (Vi/ao) ®
-4 -.90
-.35 -.76
-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 T; varied from 288 K to
1100 K.
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TABLE 2 - Pure Jet M
Normalized Polar OASPL (dB) Values (Reference Figure 3)
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TABLE 3 - Adjustment Factor for Normalized Frequency

Values of £ (See Figure 4)

(Viay) 6, < 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 0.995
1.6 1.0 1.0 1.0 1.0 1.0 0.885
1.7 1.0 1.0 1.0 1.0 0.965 0.76
1.8 1.0 1.0 1.0 0.99 0.87 066
1.9 1.0 1.0 1.0 0.95 0.775 0.5p
2.0 1.0 1.0 0.981 0.90 0.71 0.5¢
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 0.4y
2.3 1.0 0.985 0.895 081 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 0.4p0

For (V/a,) < 1.4, &= 1.0 for all angles
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TABLE 4 - Gas Turbine Jet Exhaust Noise Prediction
8; Angle to Intake < 90 Degrees

One-Third Octave-Band Sound Pressure Level

logig (FDYEV)) (SPL-OASPL) dB

-1.60 -32.95 -30.09 -30.12 -30.33 -30.23
-1.50 -30.75 -27.91 -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
-120 =24-31 2177 2166 =2485 =21.57
-1.10 -22.04 -19.85 -19.80 -19.73 -19.41
-1.00 -19.65 -18.09 -18.02 -17.53 -17.23
-0.90 -17.95 -16.64 -16.39 -15.73 -15.47
-0.80 -16.50 -15.24 -14.86 -14.49 -14.00
-0.70 -15.16 -13.80 -13.43 -12.94 -12.84
-0.60 -14.13 -12.57 -12.40 -11.91 -11.81
-0.50 -13.05 -11.79 -11.52 -11.23 -11.23
-0.40 -12.26 -11.30 -14:03 -10.93 -10.83
-0.30 -11.84 -10.99 #10.62 -10.93 -10.83
-0.20 -11.42 -11.00 -10.88 -11.07 -10.84
-0.10 -11.35 -11.12 -11.10 -11.24 -11.13
0.0 -11.35 -11:40 -11.42 -11.53 -11.63
0.10 -11.46 -11.84 -11.94 -12.04 -12.20
0.20 -11.78 -12.44 -12.60 -12.71 -12.86
0.30 -12.24 -13.16 -13.37 -13.51 -13.62
0.40 -12.79 -13.96 -14.23 -14.40 -14.49
0.50 <13.39 -14.79 -15.14 -15.36 -15.46
0.60 -14.08 -15.68 -16.13 -16.40 -16.62
0.70 -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
1.00 -17.85 -19.80 -20.72 -21.23 -22.13
10 -18.94 -20.95 -21.96 -22.48 -23.45
T.2U -ZU.T0 2215 -235.24 -Z23.7 4 -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
(TiTo) 1.00 2.00 2.50 3.00 3.50

logio (Vi/ao) <0400 <0400 <0400 <0.400 <0.400



https://saenorm.com/api/?name=444eba762c3ff005bbc0eb3a6180a010

SAE ARP876E Page 43 of 116

TABLE 5 - Gas Turbine Jet Exhaust Noise Prediction
0; Angle to Intake = 100 Degrees

One-Third Octave-Band Sound Pressure Level

logio (FDYEV)) (SPL-CASPL) 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 2213 =20 17 2013 2025 -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
-0.80 -16.53 -15.13 -14.83 -14.24 -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 -10372 -10.61 -10.66
-0.20 -11.27 -10.58 4073 -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 -1%.61
0.60 1412 -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 -2(0.81
1.00 -17.87 -20.48 -20.82 -21.51 -22.16
1.10 -18.97 -21.59 -22.04 -22.75 -23.48
120 -20.13 2273 -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
(TiTo) 1.00 2.00 2.50 3.00 3.50

logio (Vi/ao) <0400 <0400 <0400 <0.400 <0.400
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TABLE 6 - Gas Turbine Jet Exhaust Noise Prediction
0; Angle to Intake = 110 Degrees

One-Third Octave-Band Sound Pressure Level

logio (FDYEV)) (SPL-CASPL) 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
-1.40 -29.69 -27.74 -27.08 -28.14 -26.64
-1.30 -27.27 -25.32 2472 -26.00 -24.03
-1.20 -24.87 -23.10 -22.58 -23.43 -21.69
-1 10 -2Z2.40 2093 2041 2073 -19.26
-1.00 -19.97 -18.82 -18.22 -18.10 -16.83
-0.90 -18.18 -16.93 -16.26 -16.04 1517
-0.80 -16.57 -15.24 -14.54 -14.31 -13.82
-0.70 -14.98 -13.84 -13.14 -12.81 -12.64
-0.60 -13.75 -12.60 -12.10 -1.70 -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 -10.63 -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 -1190 -11.96 -12.40 -12.24
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 -1%.18
0.50 1351 -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 -21.42
1.00 -17.97 -20.54 -21.42 -22.50 2273
1.10 -19.06 -21.65 -22 .59 -23.77 -24.02
120 -20.22 -22.78 -23.77 -25.03 -25.32
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
(TiTo) 1.00 2.00 2.50 3.00 3.50

logio (Vi/ao) <0400 <0400 <0400 <0.400 <0.400
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TABLE 7 - Gas Turbine Jet Exhaust Noise Prediction
0; Angle to Intake = 120 Degrees

One-Third Octave-Band Sound Pressure Level

logio (FDYEV)) (SPL-CASPL) 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 -26.44
-1.30 -27.27 -25.65 -24.51 -24.50 -23.66
-1.20 -24.82 -23.35 -22.16 -22.52 11
- 10 2249 2T 13 -T9.75 -20.30 b .56
-1.00 -20.27 -18.95 -17.31 -17.80 5.06
-0.90 -18.50 -16.88 -15.31 -15.63 5. 99
-0.80 -16.87 -15.06 -13.63 -13.82 2.31
-0.70 -15.29 -13.66 -12.32 -12.51 A7
-0.60 -14.05 -12.43 -11.29 -11.28 45
-0.50 -13.07 -11.35 -10.61 -10.60 .06
-0.40 -12.28 -10.76 -10:31 -10.30 b 97
-0.30 -11.77 -10.46 -10:31 -10.30 A7
-0.20 -11.53 -10.37 210.47 -10.46 71
-0.10 -11.35 -10.65 -10.98 -10.88 40
0.0 -11.27 -11.16 -11.71 -11.50 227
0.10 -11.39 -1179 -12.56 -12.29 6.38
0.20 -11.71 =12.55 -13.54 -13.23 467
0.30 -12.17 -13.42 -14.61 -14.30 .06
0.40 -12.72 -14.38 -15.74 -15.46 .49
0.50 1331 -15.41 -16.87 -16.69 $.89
0.60 ~14.01 -16.55 -18.03 -18.04 29
0.70 -14.82 -17.79 -19.24 -19.50 72
0.80 -15.74 -19.08 -20.48 -21.02 5,17
0.90 -16.73 -20.39 -21.74 -22 .56 462
1.00 1777 -21.67 -23.00 -24.10 6.07
1.10 -18.87 -22.94 -24.28 -25.63 F.51
120 -20.02 -24.21 -25.58 2717 $.96
1.30 -21.24 -25.49 -26.88 -28.73 -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
(TiTo) 1.00 2.00 2.50 3.00 3.50

logio (Vi/ao) <0400 <0400 <0400 <0.400 <0.400
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TABLE 8 - Gas Turbine Jet Exhaust Noise Prediction

0; Angle to Intake = 130 Degrees

logio (D/EV)

One-Third Octave-Band Sound Pressure Level (SPL-OASPL) dB

-1.60
-1.50
-1.40
-1.30
-1.20
-1.10
-1.00
-0.90
-0.80
-0.70
-0.60
-0.50
-0.40
-0.30
-0.20
-0.10
0.0
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60

(TifTo)
|091 0 (leao)

-35.40 -3433 -33.16 -3265 -3267 -3269 -3270 -3344 -33.44
-32.25 3123 2091 2083 2055 2057 2058 -3018 -30.18
-20.26  -28.17 2669 -2654 2655 -2657 2659 2603 -28.93
-26.50 -2523 -23.66 -23.65 -2367 -2369 2370 -2374 2374
-2417 0 -225%1 -21.01 -21.04 2105 -21.08 -21.09 -2069 -2069
-22.02 1997 1851 -1801 -1802 -1804 -1806 -1745 -17.45
-2000 1763 -16.16 -1465 -1466 -1469 -1470 -1414 1414
—He24—15-60 44 H-BL H-E8 00 1258 e 11.37
-16.60 -13.82 -1235 -10.05 -1006 -1008 -11.15 -0.51 -9.51
+15.01 1234 -10.87 -9.36 -8.37 -9.39 -8.71 -874 -8.74
13,77 1121 1015 -9.15 -9.16 -9.19 -8.70 -8.64 -8.64
-12.50 -10.43 -9.76 -9.25 -8.27 -9.29 -5.00 <9.04 -9.06
-11.61  -10.14 -9.85 -9.04 -9.95 -0.97 -9.78 “-1021 1021
-10.99 1014 1017 1087  -10388 -1090 -1097 -11.45 |11.45
-10.80 1021 1084 -11.92 1193 -11.95 ~K.97 -1264 |1264
-10.84 1070 1173 -13.25  -13.26  -13.230 V1329 -1415 1415
-11.00  -11.44 1276 1466 -1467 -1469 ° 1470 -1574 1574
-11.35 1240  -13.89 -16.08 -1608 -1608 -16.02 -1730 [17.31
-11.91 1354 1506 -17.54 1750 (1745 -1720 -1887 |-18.88
-12.61 1480 -16.27 -19.01 -18.92%-1880 -1831 -2044 |-20.45
-13.38  -16.13 -17.50 -2050 -20.38 -2015 1941 -2202 |-22.03
1418 -17.46 1875 -22.00 21380 -21.50 -2058 -2361 |-23.60
-15.02  -18.83 -20.04 -23.51  -2326 -2285 2179 -2519 2517
1593 -20.27 -21.36  -25.03%7 2473 -2419 2301 2677 |-28.73
-16.89 -21.73 -2269 -2656 -26.21 -2553 2424 2835 |-28.30
-17.92 2321 -24.03 (2811 2769 -2686 -2547 2004 |-20.87
-19.00  -2466 -2536. -2966 -2017 -2819 2671 -31.54 |-31.44
-20.12 -26.09  -2664 -31.22 -3066 -2053 2795 -3315  |-33.02
-21.30  -27.53 42797 3279 3216 -3087 2019 3476 |-34.60
22,52 -28.96 \-R9.27 -3437 -3366 -3220 -3044 -3638 |-38.19
-23.80  -30.39\v"-30.57 -3596 3516 -3353 -3169 -3799 |-37.77
2512 3383 -31.86 -37.55 -3667 -3487 -3295 -3061 |-39.36
-26.50 :33.26 -33.15 -39.16  -38.18 -36.20 -3421  -41.24 4095

1.00 2.00 250 3.00 3.00 3.00 3.00 3.50 3.50
0400 <0400 <0400 <0125 0.150 0.175 0.200 <0.150 0.175

-33.45
-30.19
-26.94
-23.75
-20.70
-17.46
-14.15
-11.50

-9.70

-8.75

-8.65

-8.95
-10.23
-11.46
-12.65
-14.16
-18.75
-17.25
-18.68
-20.06
-21.45
-22.89
-24.37
-25.86
-27.36
-28.86
-30.35
-31.83
-33.31
-34.78
-36.24
-37.70
-39.16

3.50
0.200
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TABLE 9A - Gas Turbine Jet Exhaust Noise Predi

6; Angle to Intake = 140 Degrees
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TABLE 9B - Gas Turbine Jet Exhaust Noise Prediction
0; Angle to Intake = 140 Degrees

logio (FD/EV))

One-Third Octave-Band Sound Pressure Level
(SPL-CASPL) dB

-1.60 -32.16 -32.14 -31.97 -31.89 -31.75
-1.50 -28.71 -28.69 -28.52 -28.44 -28.30
-1.40 -25.31 -25.29 -25.12 -25.04 -24.90
-1.30 -22.06 -22.04 -21.87 -21.79 -21.65
-1.20 -19.13 -19.11 -18.94 -18.86 -18.72
-1.10 -16.03 -16.02 -15.85 -15.77 -15.63
-1.00 -1Z.60 -1Z.64 1277 -TZ.68 -12.65
-0.90 -10.32 -10.34 -10.68 -10.75 -11.08
-0.80 -8.67 -8.77 -9.28 -9.69 -10.27
-0.70 -8.06 -8.24 -8.57 -9.29 -9.85
-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 -9.82
-0.30 -12.88 -12.66 -12.39 -11.61 -11.17
-0.20 -14.67 -14.55 -14.18 -13.39 -12.81
-0.10 -16.61 -16.43 <15.99 -15.16 -14.39
0.0 -18.56 -18.35 -17.78 -16.89 -1$.95
0.10 -20.47 -20.27 -19.56 -18.64 -17.54
0.20 -22.37 -22119 -21.33 -20.39 -19.12
0.30 -24.27 =24.12 -23.10 -22.13 -20.72
0.40 -26.18 -26.05 -24.88 -23.86 -22.32
0.50 -28.141 -27.99 -26.70 -25.59 -23.92
0.60 -30.07 -29.94 -28.56 -27.30 -25.54
0.70 -32.04 -31.90 -30.44 -28.99 -2717
0.80 -34.03 -33.86 -32.34 -30.67 -28.81
0.90 -36.00 -35.81 -34.22 -32.37 -30.44
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 -35.27
1430 -43.75 -43.49 -41.58 -39.36 -36.88
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
(TiTo) 3.50 3.50 3.50 3.50 3.50
logio (Vi/ao) <0.100 0.125 0.150 0.175 0.200
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TABLE 10A - Gas Turbine Jet Exhaust Noise Prediction

8 Angle to Intake = 150 Degrees
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TABLE 10B - Gas Turbine Jet Exhaust Noise Prediction

6; Angle to Intake = 150 Degrees
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TABLE 11A - Gas Turbine Jet Exhaust Noise Prediction

6; Angle to Intake = 160 Degrees
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TABLE 11B - Gas Turbine Jet Exhaust Noise Prediction

0; Angle to Intake = 160 Degrees
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TABLE 12A - Relative Velocity Exponent m(6;)v

0, degrees m(e;)
20 1.1
30 0.5
40 0.2
50 0
60 0
70 0.1
80 0.4
90 1.0

100 1.9
110 3.0
120 4.7
130 7.0

TABLE 12B - Relative Velogity Exponent m(g;)

m(6;)
[
0, degreqs Vifa, 1.10 1.18 1.33 1.47 1.62 1.77 1.95
140 10.2 98 9.1 85 7.8 7.2 6.3
150 104 9.8 8.7 7.6 6.5 5.4 4.0
160 19.5 95 7.9 6.3 47 3.1 1.0
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6. PREDICTION OF SINGLE STREAM SHOCK-ASSOCIATED NOISE FROM CONVERGENT
NOZZLES AT SUPERCRITERIAL CONDITIONS:

6.1

DATEOFC

OMPILATION: March 1980

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 circular convergent nozzle. Allied to the

theoretic
(Referen
broadban
predictio
containin
the one-t
pressure

Shock waves in a choked jet are responsible for a source ‘of broadband noiss
function of nozzle pressure ratio and nozzle diameter..The method of estima
upon the derivation of the one-third octave band sound pressure level at any
the inlet axis 6; and frequency f from the formula:

where:

9is

SPL(r,8,,f)=10log,,

es 6.3.2 and 6.3.3) have provided the following procedure for esti
shock-associated noise content. Taken together with the mixihg

imental work

procedure of Section 5, this enables the prediction of total noise from the shock-
under-expanded jet to be executed. The method provides.for the ¢stimation of

evels obtained from Section 5 by adding the squared sound pressu

114001 Ck) Y [1h{og)

i=1 s=0

1~

X—1{ .2 x—(i+1)

x [cos (6q;s)| [sin (bog;s/2)] })

+101log,q {(Dj/r)2 BJ’] +10logy, (bS) +H,(c) +148.8

(1-006 {s +[(i +1)/2}) (1-[0.7 (v, /a, ) sine, |

12V /20

NOTE 1: Symbols in Section 4 apply and,

ird octave band sound pressure levels, which may be ¢ombined with the sound

res.

e which is a

ion relies
angle from

(Eq. 9)

Ho.(c) = group source strength spectrum, dB master spectra given in Figure 15

and Table 13
Ci(o) = correlation coefficient spectrum
X = number of shocks (assumed to be 8)
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b = 0.2316 (for one-third octave-band proportional bandwidth)
S = shock index; rad/s

o} = dimensionless frequency parameter = 2nflfa,

B = nozzle pressure ratio parameter = (M;> - 1)

y = exponent of nozzle pressure ratio parameter

1.1 3 D, metres

b

NOTE 2: Equation 9 requires two master spectra as input for the prediction. These two
master spectra, Ho(a) and Cq(c), are presented in Figure 15 and the values are
flso tabulated for convenience in Table 13. The C{g) spectrum can be used for
neated as well as unheated jet conditions. The Hy(g) spectrum shoyn here
Should be used for heated jets only. A heated.jet'is defined here as|a jet having
fotal temperature ratio greater than 1.1. For‘prediction at unheated fonditions,
the Hy(c) spectrum presented here shouldde reduced in level by 2 |dB at all
alues of &.

fully-expanded jet Mach number

NOTE 3: Moreover, for the heated and unheated cases, the exponent y of the nozzle
bressure ratio parameter § takes’the following values:

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

p > 1.0, heated jet-yr="2

> 1.0, unheated jet: y = 1

6.1.1  Overall Bound Rressure Level Prediction: It is recommended that the wideband or
overall gound pressure levels for shock-associated noise should be predicted strictly by
adding fhe squared pressures from individual one-third octave SPLs. Howdver, an
approxi icti i i ng empirical
relationships (which are independent of angle 9):

a. Heatedjet, p<1.0:

OASPL (d8) =157.5- 20 logyq (r/D;) + 40 logy, B (Eq. 10)
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FIGURE 15 - Master Spectra for Shock-Associated Noise Prediction
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TABLE 13 - Master Spectra Hy(c) and Ci(c)

o= 1/a, Ho(c), dB Cy(0)
0.2 -33.2 0.70
0.3 -27.6 0.71
04 -23.7 0.71
0.7 -16.1 0.72
1.0 -11.5 0.73
15 -6.5 0.74
20 -3.5 0.74
30 0.7 0.71
35 -0.1 0.69
4.0 0.0 0.67
45 -0.1 0.64
50 -0.4 0.62
6.0 -1.3 0.58
7.0 25 0.54
80 -3.5 0.50
10.0 55 0.45
200 -11.8 0.28
400 -18.7 012
68.0 -23.8 0.02
700 =240 0.02

b. Heatedjet, B > 1.0:

OASPL (d8) =157.5 520 logyq (r/D;) +20logy, B (Eq. 11)

c. Unhpated jet, B <1.0:

OASPLEB) =155.5 - 20 log,o(r/D;) + 40 logy, B (Eq. 12)

d. Unhgatedjet, B > 1.0:

QASPI (dB)=1555-20log,, (r{/Dj)+10 log. 3 (Eq. 13)

6.1.2 Angular Range of 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 mixing noise contribution alone.
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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.

6.2 Flight Conditions:

It is widely accepted that the effect of forward speed on a source (such as the shock-cell
component), which is effectively moving at the same speed as the aircraft, is affected by a
4dth-power Doppler amplification factor.

To transla
conditions

where:

=
1l

ll!:

te the spectrum levels or overall sound pressure level obtained in_g
5, a 4th-power amplification factor should be applied as follows:

SPLisighty = SPL(staticy = 401090 (1- M, cos ¢)

aircraft Mach number

0 -y

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

angle between airplane flight path and engine thrust axis

6.3 References:

6.3.1

6.3.2

6.3.3

Harper-
AGARD

Tanna,
Journal

Bourne, M. andFisher, M. J., The Noise from Shock Waves in Sup
Proceedings'CP-131, September 1973.

5.1 to flight

(Eq. 14)

are

brsonic Jets.

H. K., An Experimental Study of Jet Noise, Part Il: Shock Associated Noise.

of Sound and Vibration, Vol. 50, No. 3, 1977.

Chaptet

4(Shock-Associated Noise) of Technical Report AFAPL-TR-78-85

. (The

Generation, Radiation and Prediction of Supersonic Jet Noise - Vol. |.) Prepared by
Lockheed-Georgia Company, October 1978.

6.4 Parties Contributing to Compilation of Section 6:

General Electric Company, USA

Lockheed-Georgia Company, USA
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Rolls-Royce Limited, United Kingdom

SNECMA, France

The University of Southampton, United Kingdom

7. PREDICTION OF SUBSONIC COAXIAL JET MIXING NOISE:

7.1

DATE OF COMPILATION: June 1989

The procedure of this section predicts the free-field one-third octave-band sound pressure

levels of co
a. Flyover
b. Static (d
c. In-flight

Scope:

hxial subsonic jets for turbofan engines or models under the followi
(observer on ground)
bserver on ground)

or in-flow (observer on airplane or in a wind tunnel)

This jet noise prediction procedure was developed for nozzle area ratio, gas

and aircrg
1.5 < AJA
2.0 < Wy
0.6 < V/\
0.4 < VJ/a
0.35< T,

M, <03

ft Mach numbers in the following ranges of primary and secondary
p<3.5
\p < 6.5

L <0.95

The meth

ng conditions:

conditions,
jet ratios:

=l flood &l ey HPH Lo | P PP s [ e |
VU dooUTTTCo TTIdL LTS JCLUTTHATTY TV oo WHTT Vo oUVUTVIAC U TTITVLTITS

e hoise

producing regions, each having its own frequency range. However, all three components
have to be added to obtain a prediction of total jet noise level in a specified frequency

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

0.1<S, <40

(Eq. 15)
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where:
S, =D/ (Vm—Vs)
The formulae in Tables 14, 15, and 16 cover an angular range' from 60° to 160° (/3 to
8n/9 radians). For locations outside the specified angular range, the limiting angles of n/3
of 8n/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
jetin parg i - - - i i litional “static-
to-flight” gffects.
TABLE 14 - Jet Noise Component Formulas
Fg;:mt?;ir Primary Component Secondary Component Mixed Cofnponent
Component [21)109(FV) +(22)| 109 S — (23) log (FV) — (24)[ «[Z5Yog (FV) + (26)
gtor:::th 153 avrs be VQ+VS]U4 fova K Vg_va " V5+Va 17% Vm7V6 o [..erVa =
Function (FV) ?1 e, 2, | v, a, a, a, a,
Velocity 15l0, <22 0.5+0:16, v 1"
Exponent (n) 15 eip [-10(8,-227] 0, > 22 a—’z {O-SJF'J_ZOJ'FZSW exp
4 2
-03|6,, +1—+’g—m—2.7] ]
Strouhal _ _
[\“:'gqubear © po/(DVPS) fDm[(VS V) fDmf(V V)

" NOTE: Throughout Section 7 angles referred to are in radians, not degrees.
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TABLE 14 - Jet Noise Component Formulas (Continued)

?’Jﬁmﬁﬁr Primary Component Secondary Component Mixed Component
Coefficients 2 2 2
. ~18[[1.86,/x) - 0.6] ~18(180,/r) - 0.6] ~30[{1.80,,/m) - 0.6]
2 3 —
2) —18—18KLqun)—05} ~14-8[(1.80,/r)- 0] 7974{m3 %]’39K139mﬁ@*05r
aU
13006~ log |1+ 2 ||| 1% —0.6}
Ay T
(Z3) . 07 =07 [\I B /) — 0.6]2
(Z4) _04-— 0_75{‘_/@} 06— 0.5[(1 88, fm) - 0.6]2 0.44 - 0.5/exp [(4 50,,/70) — 4]2
aO
A Y, v, 1+ A
? +0.5{0.6 —log|1+ =% +@2L 072 0.2log =%
«[[1.88,/x) - 0.g] °9| 1+ PRy »
+08|0.6-log 1+% +0.05 (XBPR) exp [*5(% - 2.4)2}
el
(25) 50 + 20 &xp —(epfz.ef] o1 +540, I 344810,/
) 3
-9(1.86, /) - 0:8)| —~20((1.88 ) - 0.6]
25) %4 1 a6 exp| [0, z_s)z] 99+ 360, /T 108+37.80,, /% + 54, (v, - v, ) fal
4
_15[(1.895/n)—0.6] 7exp[75(9m 71.9)2]
A
2 0'6_|og1+ApH eV, (folf's)/aé 7v v
— m f
5 +———1—04——ep(—&7pm—03|ﬂ
exp|5 (6, —2.3] +(DSPL) +(EX) a, a,
2
+(DSPL) +(EX) fexp[B(ﬁmf  4) ]
+0.8(XBPRYexp [0} —2.3-V, 1a))
+(DSPL) +(EX)
NOTE:  DvRs-|v,

XBFR = (w

(VA + VA /(AS Ay | Let DVPS = 0.3 m/s if DVPS < 0.3 m/s

/Wp)75.5 Let XBPR = 0if XBPR < 0 and let XBPR =4 if XBPR > 4.
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TABLE 15 - Normal Adjustment (DSPL)

Effects

Primary Component

Secondary Component

Mixed Component

Ambient Pressure

+201log (P, /Fsa)

+201log (P, ! Psa)

+2010g (P, / Psa)

Density

Pp T Ps
+201log p—]
[ 2

a

+20log [_p52+ Pa ]

a

a

PmtpP
+201log u]
=5

Spherical Divergence

+20log (D, /1)

+20log (D, /1)

+2010g (D / 1)

Geometric Near-Field

[ 1

710Iogt1+

tﬁltr‘

b=20, + (D ff]

—‘IOIog[‘H-i]

I's

b=2D,,+(Dya./f)"?

—‘IOIog[ +£]

Im

b0, - (D8, /1)

Acoustic Near-Field

r

2
+10log|1+0.13| 2
o

2
+10log 1+0.13[a—°]

Tof

S

2
410 log 1+0.13[i]
el

Atmospheric Attenpation
Coefficient [AC()]

“[acis)lr

fp = f/(‘IfMa cos ep)

~[ae(®)] s

fo =fJ(T— M, cos 6;)

—|AC ()] rm

fn =/~ M, cos 6,,)

NOTE: AC() is ofjtained from ARPB66A.
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TABLE 16 - Acoustic Excitation Adjustment (EX)

Parameter Definition Primary Component Secondary Component Mixed Component
Excitation
Adjustment (EX) + 5 (EXD) (EXPS) +2 ao/[VS(ZK)} + (EXD) (EXS) (EXC)

Excitation Strouhal

(NY/80) (D / Vi)

Number (S1)
Effectiveness exp (-SX), SX =50 (51-0.25) (51-0.5)
(EXPS) SX=0 f025<851<05

Spectral Shape
Factor (EXS)

S

2
5 (EXPS) exp S B—
2 (S1) +0.00001

_[|og

Fan Duct Length
Factor (EXD)

exp lO.G—(EXA)“ 2]

Directivity
Factor (EXC)

aofVi, ifBm<1.4

(80/Vm)[1- (1.8/7)(0;,~1.4)] F0,>14

Source Location
Factor (ZK)

1:-0.4 (EXD) (EXPS)

Digtance from fan face to fan exit

NOTE: EXA=

Fan Diameter

Page 63 of 116
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7.2 Development of the Coaxial Jet Noise Prediction Model:

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

MICROPHONE g

WAVE
NORMAL

FIGURE 16 - Schematic CoaxialJéet Noise Model in Wind Tunnel Coordinates

The calcylation procedure predicts the one-third octave-band sound pressure level (L) for
each component of jet noiseat any location. The total jet sound pressure level is 10 log of
the sum df the time-mean-square sound pressures from the three components, i.e.,

L =10log (100'1LP +10%%s +1o°-1Lm) (Eq. 16)

where:

L,, Ls, and L, are the one-third octave-band sound pressure levels of the primary,
secondary, and mixed jet components, respectively
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7.3

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 hoise measurements and flight test data were used to evaluate the method and to
modify the empirical formulations. The empirical formulae were written for predictions of
coaxial jet noise levels in wind tunnel-fixed coordinates or airplane-fixed coordinates.
Predictiorf of flyover jet noise 1S obtained by a coordinate transtormation as described in
7.7.2.

Expressigns for calculation of jet noise contain three principal groups:

a. The basic normalized one-third octave-band sound pressurée level associpted with the
shearilayer velocity difference, turbulent eddy convectionvelocities, and pmbient-flow
effects (Table 14)

b. Normal adjustments to account for effects of ambient air pressure, air density (or
tempdrature), spherical divergence, geometric’and acoustic near-field effects, and
atmogpheric absorption (Table 15)

¢. Adjustments to account for the effects of internal acoustic excitation (Table 16)
Componegnt Sound Pressure Level Prediction:

Table 14 gives the basic formulae for calculation of the free-field one-third ogtave-band
sound prgssure levels for the'three jet noise components. These levels are calculated at a
distance ¢f one componerit-jet diameter from the corresponding source locations of each
component. Description:of the calculation of the sound pressure level of the mixed-jet
component and the €orresponding calculation of mixed-jet parameters are provided in
Section 7|5. Angle\8/with subscript is the sound emission angle from each cdmponent
source. Fpr a given observer location, the procedure for calculation of sound|emission
angles frgm.the distributed source locations is explained in Section 7.7.

The shear layer source strength function FV in Table 14 is a function of nondimensional
shear layer velocity difference, eddy convection velocity, and the airplane forward speed
{or equivalent airspeed in a wind tunnel). For the primary jet, the Mach number is included.
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The exponents in the shear layer source strength function FV provide the scaling of sound
pressure level with the jet and ambient-flow dimensionless velocities. The velocity
exponents in Table 14 have a strong directivity dependence and a weak Strouhal number
dependence.

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 14 are more directivity dependent than Strouhal humber
dependent. The expression for Z6 includes an adjustment term, DSPL, and an acoustic

excitation

adjustment, EX, listed in Tables 15 and 16, respectively.

7.4 Sound Pr
7.4.1 Normal
the sum
same f

expres

7.41.1 Near-
the ad
and g
form d
more

7.4.1.2 Atmos

Doppue

this p
locatiq
SOUrcy
to be

used.

essure Level Adjustments in Prediction:

of all the adjustments listed in Table 15. The ambient pressure adj
I all three components. The density effect and spherical divergencs
d for each component separately.

Field Adjustments: Empirical adjustments for the separate effects e

tometric near-field properties. For either@acoustic or geometric nea
f adjustment is the same for all three source components and is dg
Hetail in 7.6.1.

pheric Attenuation: The atmospheric attenuation formulas in Table

ocedure have already been Doppler shifted (see 7.7.2). In a wind t
hs of the sound sources are stationary and the measured frequend
e frequencies. To ealeulate atmospheric absorption, the measured {
Doppler shifted @nd the sound propagation distance through air at 1

7.4.2 Acousti¢ Excitation Adjustments: Adjustment of the sound pressure level a

acoustidg

Asaco

Adjustments: For each component-source, the total normal adjustnLent DSPL is

stment is the
. are

ncountered in

oustic near-field and the geometric near-field were derived from general acoustic

r-field, the
scribed in

15 include

r frequency shift. For flyovér noise predictions, the received frequéncies used in

innel, the

ies are the
requency has
est has to be

5 a result of

excitation in the fan flow is given by the expressions for EX in Tabje 16.

nsequence of the increased mixing rate of an acoustically excited |

t, the axial

distribution of jet noise sources is more compact than in an unexcited jet (Reference
7.10.1). Empirical formulas for the three jet noise source locations are given in 7.6.3.
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7.5 Mixed Jet Noise Component:

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

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

Vi = (W,V, + WY, ) (W, + W) (Eq. 17)
The mixed jet total temperature;
T = (W,T, + WoT, ) [(W, + W) (Eq. 18)

The mixed jet density;

P :Pa/ RT,, (05 Rvn%/cp)} (Eq. 19)
where:
R =| gas constant
C, =| constant pressure/specific heat of the mixed jet at the mixed jet temperature

The mixed jet area

A = AV (1 (We/ W) flpmVim) (Eq. 20)
The mixed jet diameter;
D,, = (4A,,/n)" (Eq. 21)

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

The coaxial jet noise prediction method incorporates several special features that are
discussed in this Section.

7.6.1

7611

7.6.1.2

Near-Field Effects: This procedure includes adjustments for a geometric near-field effect
and an acoustic near-field effect. Modeling of those effects is necessary for prediction of
the level of jet noise that impinges on the fuselage of an aircraft in flight or for

compar

ison with in-flow (usually near-field) wind tunnel data.

Relative to the basic far-field sound pressure levels calculated from the expressions in

Table 1
the geo

cases,

pressur
influenti

at low fi

Geom

The p
hoise

{micrg
than g

empir

Equation 22 includes spherical-divergence and geometric near-field effeg

Atmos

In Equiation 22, D is the’ effective diameter for each component of the jet,
distance from the-apparent source to the observer, and b is an empiricall
source length provided in Table 15 for each component. Application of Eq
calculate sound pressure level yields 10 log (D/r)? for spherical divergeng
[1 + (B/n]fota geometric near-field adjustment term that, for a given sou
appropches zero as distance r increases to infinity in the far-field limit.

i the acoustic near-field adjustment increases the sound pressure
metric near-field adjustment decreases the sound pressure levelyF
t the frequency corresponding to the maximum one-third octave-bz
b level and for higher frequencies, the geometric near-field:term is
al than the acoustic near-field. The acoustic near-field adjustment
equencies, i.e., at low Strouhal numbers.

etric Near-Field: Jet noise sources are distributed throughout the jg
rediction method uses the effective center of assource distribution f
component at a given frequency and far-field radiation angle. VWhet
phone) is close to the jet, the acoustic field is simulated better than
point source. Transition from the near-field to the far-field is made
cal formula for mean-square soundpressure p2 given by

p% o (DI NZ T+ (b11)]

pheric absorption is_calculated separately.

level while
br practical
nd sound
nore
redominates

t flow field.

br each jet

1 the observer
a line source
by an

(Eq. 22)

ts.

ris the

y defined
juation 22 to
e and -10 log
ce length b,

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

Acoustic Near-Field: The mean-square sound pressure p? in the near-field and far-field
is given by the following relation:

PR oc (/TP [140.13 {0/ |

(Eq. 23)
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where:

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

Application of Equation 23 to calculate sound pressure level yields 10 log (3/r)? for the
spherical divergence and 10 log [1+0.13(7u’r)2] 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 7.10.1) were incorporated
into the prediction method by means of the various sound pressure level adjustments
listed in|Table 16.

For predliction of engine jet noise, the prediction model uses readily availaljle engine
geomettic 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
frequenty of sound that may be effective in exciting the jet.Parameter EXRS, defined by
the equations in Table 16, provide a measure of how effeCtive an internal sound source
is in exgiting 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
numberg less than 0.25 and greater than 0.5.

The dimensionless fan duct length, EXA, (see7.1), is related to the boundagry layer

thicknegs at the fan exit and the sound pressure level of the fan tones at the fan nozzle.
A longef fan duct usually implies a thicker boundary layer, a lower level of the fan tones
at the npzzle exit, and a reduction in the effectiveness of jet noise excitatiop.

For the primary and the secondary jets, the increase in noise levels due to pxcitation are
assumef to be omnidirectional.: The directivity factor, EXC, applied to the mixed jet
excitatign adjustment, results in smaller jet excitation effects being added in the aft
quadrarnt compared with those in the forward arc. The adjustment is inversely
proportiphal to the norimalized mixed jet velocity based on the speed of soynd in ambient
air.

The mofe cotnpact axial distribution of sources of excited jet noise is adjusted from that
of an unexcited jet by the empirical factor ZK in Table 16.

Parameter EXS is used to adjust the shape of the spectrum. The expression in Table 16
assigns a maximum amplification at approximately twice the fan rotational frequency.
The small number 0.0001 in the denominator is used to avoid a singularity at zero fan
rotational speed (S1 = 0). The sound pressure level adjustment for an excited jet is
broadband in nature and generally is less than 5 dB.
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7.6.3 Jet Noise Source Locations: Important sources of jet hoise are distributed over a wide
range of the jet mixing region from the nozzle exit up to 15 mixed-jet diameters
downstream. For static tests of engines, noise is typically measured at positions on a
150-ft (45-m) polar arc. Identification of noise source locations as well 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

_ —1
X D {A+A+an ngwlw)_qH(Aw/Ap)}(7K) (Eq. 24)

where:
ZK|= excitation source location factor from Table 16

Equatioh 24 shows that the source for jet noise radiated t6'the forward arc js located
close to|the nozzle exit while the source for jet noise radiated to the aft arcfis relatively
far downstream. The noise source location formula,in Equation 24 is independent of
frequenty.

The sedondary-jet noise source location normalized by the mixed-jet diamdter from
Equatiop 21 is given by

Xs/Dp={2+1.6tan”"[(4.58,/m)-2.25] }(1+0557°%)
(Eq. 25)
x[14(0.7 Ve/3,) |~ [Vo/(Ve = V,)] (2K)

High-fregquency sources.(large values of Strouhal number S,) are located close to the
nozzle exit while low-frequency sources are farther downstream.

The miXed jet noise source location normalized by mixed-jet diameter is giyen by

Although the mixed jet does not have a potential core, the characteristics of the mixed-
jet noise source locations are similar to those of the primary and secondary jets.
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7.7

7.71

Incorporation of Distributed Source Location:

As described earlier, the prediction formulae were derived for airplane-fixed or wind-tunnel

coordinates. Sound pressure level is a function of source frequency (or Strou
and sound radiation angle. However, because of the distributed nature of the

hal number)
sources of

jet noise, the geometric angle used to identify the observer location is different from the
sound radiation angle. Furthermore, in the case of a flyover, the received frequency is, in
general, different from the source frequency. In order to predict 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 predictions, the source frequency. The recommended

methods are described in 7.7.1 and 7.7.2.

Wind Tunnel Coordinates: For the situation where there is no relative motig
the obs¢rver and the nozzle (see Figure 17A) the source for a givenccompd
noise is|located at a distance X downstream of the origin of coordinates an
sound at an angle 8; where the subscript j = p, s or m for each jetnoise con

observer (microphone) is at sideline distance ¢ and angle 6from the center

coordinates as shown in Figure 17A. The center of the ndézzle exit is locate
coordinate system. The distance X is introduced to enable prediction of as

h between
nent of jet
d radiates the

nponent. The
of

d at X, on the
-measured

sound gressure 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 fr¢e-stream Mach number M, <1,

0, =sin~ “MaB +(B3 oMz + 1)”2]/(32 + 1)}
B=|(X,+X;)/t| +oote

The follpwing iteration procedure is recommended for determining the sour
which cprresponds to a given component source radiation angle 6;.

(Eq. 27)

(Eq. 28)

ce location X;

a. For &gw 0 ird-ectaveband 1 v
8; = n/2 and find X, from Equations 24, 25, and 26.

), assume

b. Use Parameter B from Equation 28 to find a new angle 6; from Equation 27. Use the

new angle 6 to find a new distance X; from Equations 24, 25, and 26.

c. Let 6y =6 and use the new distance X to find a new angle 6; from Equations 27 and

28 and let 9]2 = Gj.
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FIGURE 17B - Flyover Coordinates

FIGURE 17 - Coordinate Systems for Jet Noise Prediction

d. Let®; = (6 +0)/2 and find a new distance X;.

e. Repeat'steps c and d until the absolute value of the difference between two
successive calculations of the effective source location is equal to, or less than,
D,/20 for the primary-jet component or D,,/20 for the secondary or mixed-jet

components.
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7.8 Predictions of Jet Noise Levels for Full-Scale Tests:

7.7.2 Ground-Fixed Coordinates for Flyover Jet Noise: The coordinate system for a straight

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

angle is given by:

0, =sin "’ (82 + 1)_”2 (Eq. 29)
where
B =i b E ion.28
The soyrce frequency foource is given by
Fsource = (1— Mg cos 8, ) f (Eq. 30)
where:
f ¥ received frequency

04 ¥ sound-propagation angle relative to the'flight path

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

This procgdure predicts the'hoise of an “isolated” coaxial jet, i.e., without the|presence of
solid surfaces in the vicinity of the jet other than those of the nozzles. The prgsence of the
solid surfaces can change the jet noise source and propagation mechanismg from those of
an isolateld jet. In practical applications, the solid surfaces are not always far[from the jet
exhaust flow field:\.Depending upon the specific configuration and condition, measured
noise levéls may hot represent the sound pressure levels of an isolated jet apd, therefore,
cannot bqg predicted without further adjustment.

Effects due to the presence of solid surfaces are not included in this procedure. For the
convenience of predicting the measured jet noise levels from full scale tests, empirical
formulae that may be considered for adjusting the predicted levels are provided in the
Appendix D.
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7.9 Prediction of Jet Noise Levels for Full-Scale Tests - Static or Flight (Section 7):

7.91

7.92

External Plug Effect: Tests of coaxial jet noise with different external plugs indicated that
an external plug decreases the level of jet noise, particularly, 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—(188,,/r) (PLUGD)/D,

(Eq. 31)

for the (

Ground
than thr
adjustm
Analysig
static te
where t
indicate
mixed je

empirical ground proximity effect(GPROX) was derived. The value of GPR
)

subtrac
at groun

The ground proximity effect in decibels is given empirically by

GH

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

PG, —0.1 (vpvm /aoz) [0 (188,,/r)| (PLUGD)/D,,

Proximity Effect. For test stand installations, where the test stand h
be times the diameter of the mixed jet, it may.be necessary to inclu
ent for a ground proximity effect in the prediction of static engine je
b of sound pressure levels measured by ground-plane microphones
sts indicated that the ground proximity effect is greatest in the freqy
e wavelength is approximately equal to engine centetrline height. T

that when the centerline height is greater than four times the dian
t the ground proximity effectiis negligible. Based on these observa

ed from the calculated mixed jet noise levels to predict the sound p

PROX =(5V,,/a,) exp {—[9 (8m/m) — 6_75}2 ~[(H/Dm) - 2.5}2}

rimary, secondary and the mixed jet noise component, respectively.

d-plane microphonelecations around a full-scale engine test stand.

(Eq. 32)

(Eq. 33)

eight is less
He an

l noise.

in engine
ency region
he data also
neter of the
ions, an
OXis

ressure levels

(Eq. 34)

x {1+ sin?|(nHf/ay) — (n/2)| |/ [2+| (HF/ap) —1]]

where:

7

H = engine centerline height above the ground plane
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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 attack. These effects depend strongly upon the installation configuration
{(Reference 7.10.2) of the specific airplane and its operation (e.g., flap setting and angle
of attack). For general applications regarding wing-mounted engine configurations,
simplified models are described in the following paragraphs.

It is assumed that the primary 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 fecondary Jet component, no angle-of-attack effect is assigned. Thg installation
effect, INST in decibels, to be added to the predicted secondary jet noise‘gvel is given
by (see|Figure 18).

INST =05

(Co— X, ) /(CeDm)] exXp (Y. /Dp)|
(Eq. 35)
<[(1.80,/n)—0.6]"

where:
Ce |= wing chord length at the engine lo¢ation
Xe [= fan exit location downstream of the leading edge (X.<C,)

Y. |[= separation distance fronathe wind chord line to nozzle lip as shgwn in
Figure 18

Dm[= mixed jet diameter calculated from the jet prediction procedure

The magnitude of thetinstallation effect is between 0 and 2.5 dB. If the calculated
installatlon effectexceeds 2.5 dB, the limiting value is used.
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—  ———

J

FIGURE 18 - Schematic of Installation Parameters

The angle-of-attack effect, ATK in decibels, is added to'the predicted mixed jet
component and is given by

ATK =0.5M, [(1.8 em/n)—o.6]2 (Eq. 36)
where:
o« |= angle of attack in degrees
M, [= flight Mach number

No instgllation effect is applied to the mixed jet component.
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8. PREDICTION OF NOISE FROM CONVENTIONAL COMBUSTORS INSTALLED IN GAS
TURBINE BNGINES:

DATE OF GQOMPILATION: February 1980
8.1 Static Conditions:

The advent of the modern high-bypass-ratiotérbofan engine incorporating quiet fan
technology has focused attention on internally generated core engine noise. [The inherent
low jet nojse floor due to reduced mass efflux velocity and shielding by the fan stream has
revealed low frequency noise emanating from within the core nozzle. This has variously
been termed as core noise, tailpipe/noise, internal noise, excess noise, and $o on. Core
hoise hal%‘been attributed to several different sources, but the combustor in garticular has
received fhe most attentionsinthe form of both direct combustion noise and indirect
“entropy” hoise. This noise source is common also to turbojet and turboshaft|engines. This
Section ig concerned withr prediction of combustor noise from gas turbine engines.

The best definition of combustor noise is probably provided by turboshaft engines because
of negligible jet.npise and absence of a fan. The initial formulation of the proposed
predictio method was therefore based on turboshaf't engine data. However, [the final
correlation+ C = S z e recommended spectrum
and directivity have been valldated usmg component and model data The combustors
were of various conventional types, i.e., annular, can-type, and “coannular” or hybrid type.

The prediction procedure is outlined in Figure 19. The overall sound power level (OAPWL)
is found as a function of the combustor operating parameters and turbine temperature
extraction. A power level spectrum is derived by imposing a spectrum and a directivity
assigned to obtain the sound pressure level (SPL) distribution at any angle. This
procedure may be implemented by using Figures 20 and 21. For consistent application,
the basic information in Figures 20 and 21 is repeated in Tables 17 and 18.
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The method of calculation is as follows:
Step 1—Calculate the OAPWL using the normalized sound power correlation.

—4

OAPWL =101log,, Wpaoz +10l0g,g [M]z [&]2 % —-605 (Eq.37)
ref T3 Fo To
where:
W = primary (core) mass flow rate, kg/s
Ps = combustor inlet total pressure, Pa
(Ts-T3) = combustor total temperature rise, K
(T4 - [Ts)rer = reference total temperature extractioh by the turbjines, at
maximum takeoff conditions, K
Wes = reference power, 102 watt (1pW\v)
Termperature T, = 288.15K
Pressure P, = 101.325 kPa

Spedd of Sound a, = 340.294 m/s\for T, = 288.15k (15 °C)

Step 2—Use Figure 20 or Table 17 jto define the power level spectrum. For Hasic
prediction purposes, the peak one-third octave band in the power spectrum is
assumed to be 4000Hz. However, when the method is being used with data
iwhere the peak s known to be slightly above or below 400 Hz, it is
ecommended\that the power spectrum herein be adjusted such that its
Eymmetricallshape is retained, but based upon the observed peak freefield
alue. Such an adjustment would not be expected to be more than pne-third
pctave on either side of 400 Hz. The PWL spectrum is given by:

PWL (f) = 0APWL + S (f) (Eqg. 38)

where:

S () = the spectrum shape factor of Figure 20 and Table 17
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Semi-Empirical
Relationship Equation
Input: P,, T,, T,, W
(Ta'Ts)un Po, To’ a,

Source OAPWL

Empirical Spectrum
Shape, Table D-1

PWL Sound
Power Spectrum

Empirical Directivity,
Table D-2

Freefield Static
Combustor Noise,
Farfield at Angle

Freefield Flight
Combustor Noise,
Farfield at Angle

FIGURE 19 - Flow Chart for Combustor Noise Prediction
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FIGURE(20 - Spectrum Shape for Combustor Noise
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FIGURE 21 - Fairfield Directivity forCombustor Noise
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TABLE 17 - Spectrum Shape Factor for Combustor Noise

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

31.5 -38.7
40 -34.7
50 -31.2
63 -27.2
80 -23.2
100 -19.9
125 170
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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Step 3—1

SPL

where:

DI

;

Pref

r

TABLE 18 - Farfield Directivity Index for Combustor Noise

Angle From Fairfield Directivity
Inlet; (©), degrees Index (DI), dB
10 -8.0
20 -75
30 -7.0
40 -65
50 -6.0
60 53
-5 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

farfield directivity index (Figure 21 and Table 18)

F refetence sound pressure (20uPa)

'he sound pressure level (SPL) at each farfield angle along an arc i

£,6;) = PWL () + DI (8;) - 20logsq r +1010gyo (pasWer/4m Py

angle fronTinlet, degrees (axial reference from core nozzle exit)

s found using:

(Eq. 39)

=—arc radius, T

ahd where the last term is -10.8 dB under standard condition
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8.2

The values thus calculated represent an idealized free field case 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.

Note 2:
1

Flight Conditions:

It is widel
compone
4th powel

To translg
amplificat]

where:

1Q1logyq (Wpag/M/ref)+20 logq KT4 —T3)/T3} +20log, (P3/Po)

The directivity index is assumed to be the same for all freguencies.

Shifting from 120° toward the jet axis. For full-scaleghgines, such ¢
should probably be apparent for frequencies below200 Hz. The pe

Ise of a single directivity for all frequencies‘is-almost negligible for
hoise level calculations.

accepted that the effect of forward speed on a source (such as th
nt) which is effectively moving-at the same speed as the aircraft, is
“Doppler” amplification factor.

on factor should-be applied as follows:

SPLighty = SPL static) — 40 logyq (1- M, cos ¢)

M.

q) =

9i=

\l’:

—gireraftflightMach-rumberOviag)
ard g/

Some model

ests have indicated a change for very low frequencies)with the peak angles

hanges
(ceived

noisiness weighting for such frequencies is sosmall that the error accruing from

berceived

b combustor
hffected by a

te the sound pressure levels obtained in 8.1 to flight conditions, a 4th power

(Eq. 40)

0 -y

angle to engine intake axis

total incidence angle between aircraft flight direction and engine inlet axis
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9. NOTES:

9.1 The change bar (1) located in the left margin is for the convenience of the uger in locating
areas where technicalrevisions, not editorial changes, have been made to the previous
issue of t%is document. An (R) symbol to the left of the document title indicates a complete
revision of thedocument.

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

INTRODUCTION TO APPENDICES TO ARP876

UND TO SELECTION OF PREDICTION METHODS IN ARP876:

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

a. The desirability of publishing a prediction method for any particular noise-producing
component of a Jef engine

b. The am
based

bunt and technical quality of the information on which the compone

c. The simplicity of correlations of available data and the levelofinput informe
to execlite a prediction

d. The acduracy of the final method

e. Any like

ly foreseeable improvements brought about by new work.

While Item & above is a prerequisite to SAE A-21 Commiittee activity and item

considered

in each SAE Aerospace Recommended Practice, items b, ¢, and e

subject of protracted and exhaustive surveys and discussions in the lead-up to

method. In
publication

Committee,

brder to understand the background behind the decision to proceed
bf each Section of SAE ARP876 it was decided to prepare these A

nt method is

tion required

l is

are the
defining a
with the
bpendices, so

and to reference allavailable information considered. It is compile

in appendix

as to reflect the deliberations of the Gas Turbine Propulsion Subcommittee ofExe SAE A-21

formto ech
updating.

b the subject matter of the main body of SAE ARP876, and allow f

HISTORY OF THE-RREPARATION OF THE APPENDICES TO SAE ARP876:

In October

970the SAE A-21 Committee on Aircraft Noise deemed it timely tq

r future

review the

validity of SAEZAIR876 which was issued in 1965 as a summary correlation of!
exhaust noise. The need for a review 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.

jet engine
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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
acoustically lined engine ducting for installations in high bypass-ratio turbofan engines for
civil jet transport aircraft.

The depth gnd intensity of activity that took place In the preparation of each Section of SAE
ARP876 wgs substantial and significant. New data became available as méthads 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 mattep of divided opinion,
since at any given time there was always a new piece of work about'to produce information
which might have solved immediate problems. As a result, the material in thesé Appendixes
reflect the fact that, in some instances, alternative procedures-were available, and that the
method selécted for inclusion in SAE ARP876 was, frequentlyya matter of consensus rather
than unanimous agreement.
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APPENDIX A
BACKGROUND TO PREDICTION OF SINGLE STREAM JET MIXING NOISE FROM
SHOCK-FREE CIRCULAR NOZZLES (SECTION 5)

A1 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 A5.1) were the only published correlations of jet noise that permitted

a prediction process to be undertaken. Those works stood the test of time up to the early
1970s when the introduction of the high bypass-ratio turbofan and the development of
the supersonic transport revealed a need for the ability to predict jet mixing noise and
other agsociated components of engine noise 1o a far greater degree of acguracy, both
within ahd outside the jet velocity range thus far considered.

The initial move by the Exhaust Noise Subcommittee* was to circulate the then
unpublighed static engine and model correlations of Ahuja and.Bushell (Reference
A.5.2) and to seek comparison with other available data. Such.data as emerged, from
the General Electric Company for models (Reference A.5:3)and full scale #ngines,
Lush, amd the Société Nationale d'Etude et de Construction de Moteurs d'Aviation
(SNECMA) and the National Gas Turbine Establishment (NGTE) (Referenges A.5.4 -
A.5.6) r¢vealed a sensible correlation of wideband sound pressure level vajues from
tests of scale model nozzles, when normalized fotjet area and density and referenced
against fully expanded jet velocity. Discrepancies in the ability of the correlation
procedure to collapse the test data were noted, however, at high velocities [and
tempergtures (where it appeared that jet density was a variable rather than|unigue
function) and in the considerable scatter’in high frequency sound pressure levels.

*Because of an enlargement of the scope of the subcommittee’s responsibilities, the name of the
subcommittee was changed in 1980 to the SAE A-21 Gas Turbine Propulsion Noise Subcommittee.
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A2

STATIC CORRELATION:

By 1973 it had been determined that the high frequency data scatter 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 variability of data
from engines, first indicated by Smith (Reference A.5.7) and later highlighted by Bushell
{Reference A.5.8) in the correlation of Figure A1. At that time sources of noise other than
those originating in the turbomachine were variously identified and labeled as core,
tailpipe, excess or even combustor noise. Additional unpublished data from Pratt &
Whithey 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 wefe acquired, with a view to eliminafing thosé data thal Were eXpecie
contaminated by internal noise sources. In view of the multitude of noises¢
from engines, it was decided to concentrate solely on information from‘\high
model facilities. In fact, by 1974, the second round of subcommitteé_ activity
significgnt new work being undertaken within The Boeing Company, the N(

{(Refere

flight effects throughout industry and government aircraft ngise research es

By 1973, the acceptable data base had been reduced\to measurements frg
quality facilities at SNECMA, NGTE, Boeing and General Electric. Addition

data fro

backgro’l‘und data and substantiation of the method derived from this work if

betwee
AS5.13)

The res
compre
velocity

A-21 Cgmmittee and the SAE Aerospace Council for publication in 1977, a

hce A.5.9) and SNECMA on model jets, and an upsurgein activity ¢

m the Lockheed-Georgia Company wererincluded at a later stage. ]

1975 and 1977 are contained in major internal reports (Reference
from Lockheed, SNECMA, and Boeing.

Lilts of all this work were drawn together in the period from 1975 to
hensive document correlating 1/3rd octave band spectral levels agg
and density for varying temperatures. The document was approved

dto be
urces in data
quality

led to
5TE
bn static-to-
tablishments.

m the high

8| high quality
Ihe

1 the period

s A.5.10 -

1977 ina
inst jet

by the SAE
nd appeared

as the initial version of Section 5 of ARP876 in March 1978. The initial version dealt only

with jet
conditio
effects,

published in 1981.

mixing hoise from single stream shock-free circular nozzles under 4
hs. The derivation of a transformation function to account for static-
discussed in the following paragraphs, was not finalized until 1980

tatic
to-flight
and
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FIGURE A1 - Extract From Reference A.8 - Early Jet Mixing Noise Correlation
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A3

STATIC-TO-FLIGHT EFFECTS:

To be useful in predicting operational noise levels, any aircraft noise prediction method

requires the ability to predict under inflight conditions. The questions of the

changes that

occur in the jet mixing structure as a result of forward motion and the resulting noise
level and directivity are ones that have been a cause for concern for several years. The
original prediction method of SAE AIR876 of 1965 was directed primarily at providing an
estimate of maximum “pass-by” noise level for aircraft Mach numbers below 0.35. The
recommended curve from which the maximum pass-by noise level was ascertained was
essentially an average of ground based and flight test data using relative jet velocity as
the correlating parameter. Small differences in spectra were indicated under static and

flight conditions, but were not explained.

The first definitive relationship between static engine and aircraft flight leve
published by Bushell (Reference A.5.14) in 1975. Bushell’s relationship wa
observations of the static and flight levels of a few aircraft powered by turbd
turbofan engines. It was recognized at the time that the correlation thus prg

s was
5 based upon
pjet and

duced was at

variance¢ both with the classical jet noise theory and with measurements made in wind

tunnels | where forward motion was simulated by the tunnelflow (Referencs
A.5.16)] The main differences were in the prediction of an‘ampilification of g
in the forward quadrant under actual flight conditions, but a reduction unde
flight conditions with models of the same quality as'used in defining the bas
correlation of SAE ARP876 (see Figure A2).

The Busghell correlation (Reference A.5.8)-used as a basis the transformati
developed by Cocking and Bryce (Reference A.5.16), which utilized an exp
the ratiq of absolute to relative jet velogity and a Doppler amplification factg
Figure A3. That format became thecbasis for initial studies by the A-21 Sub,
1974. The aircraft static-to-flight'effect seemed to be in good agreement wi
from a whirling arm facility (Reference A.5.17) and it was not until the appe
work of SNECMA (References A.5.18 and A.5.19) on the Bertin Aerotrain,

NASA Ames 40 ft x 80 ft-wind tunnel and other facilities, and new flight test
{(References A.5.20 - A.5.29) that real debate started.

s A.5.15 and
hgine hoise
" simulated
ic jet hoise

bn function
onent (m) for
r as shown in
committee in
th results
arance of the
worlk in the
evidence

From thiat time té_the date of publication of the static-to-flight section in Seq

tion 5 of SAE

Moreover, there was no ideal solution to the problem, since there was no ajccepted

ARP876, contraversy continued over the real effects of forward motion on jEt noise.

rationaligation or explanation of the differing effects between observations ¢n aircraft,

engines under simulated flight conditions, and model jets under various modes of flight

simulation.
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FIGURE A2 - Differing Forward Speed Observations
From Engine Installations and Model Jets
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