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SAE ARP 876C provides a method for predicting major elements of the exhaust noise
of a jet. It is incomplete in that no recommended method for shock-free coaxial
flows is included.

As discussed in the Addendum (Appendix C) to ARP 876C, the lack of a recommended
method reflects the difficulties incurred in attempting to correlate
satisfactorily data that have become available since the mid 1970s. During that
period, three proposed methods were reviewed by the Gas Turbine Propulsion
Subcommittee of the SAE A-21 Aircraft Noise Committee, none of which received the
necessary level of support to allow publication in ARP 876C. Accordingly this
AIR is issued to make available to those wishing to predict turbofan exhaust
noise the main candidate procedures thus far considered by the Subcommittee.

No preference|is shown by the SAE A-21 Gas Turbine Propulsion SubcoJmittee for
any of the three methods annexed hereto. Work is continuing to,dévelop an
acceptable prediction procedure.

CONTENTS

METHOD 1 Rol]ls-Royce Method of 1975, based on modification of single stream
method of Appendix A of SAE ARP 876C.

METHOD 2 Boejng Method of 1977, based on 2 source model, and independent of
otheér prediction methods.

METHOD 3 NASA (Langley) Method of 1983, -based on parametric correlation of
avajlable model data base, and-independent of other predi¢tion methods.
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METHOD 1

{ex-Rol11s Royce)

7. PREDICTION PROCEDURE FOR COAXIAL JET NOISE:

7.1 Static Conditions:

Prediction of coaxial jet noise is by virtue of

modification of the single stream ?rediction. The method is based on

coaxial data where the bypass (fan
600 and 900 degrees Kelvin.

flow is cold and the core stream between
Limited tests with both coplanar and extended

core nozzles up to 2 1/2 diameters downstream of the bypass nozzle showed
little effect.

@ The correction to the single stream method is by virtue of-a
A, Where:
A = SBlLcoaxial - SPLprimary
V. fD
= PS5 MR, W, 0
o ¢
for given T¢ and Ty (core and bypass
jet temperatures)
where AR = Area Ratio (Ap/Ac)
VR = Velocity Ratio (Vp/V.)
From V{4 and Vp (core and bypass jet velocities)
Dd and Dy (core and bypass nozzle diameters)
and  ef = Angle to intake .axis.
@ 1.p is|defined as the-mean value of A over the range of primary
velocities 650 < Vp'< 1250 (ft/sec.)
Then,
I . 1

l )

The effect of primary velocity on A 1is accounted for in
correlations of A where :

fD

c

A C |
£ = 100 <-av—>= Fy v AR, WR, e

@ The coaxial correction A may be calculated as follows:

v
+ 7 _C- 274

m 30.5

correction

. (1)

oo (2)

eeo (3)

. (5)
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- Plots of An against the Strouhal number ch are presented in Figs. 1-16
for values of e, AR and vV

VR as defined below: c
ej = 60°, 90°, 120°, 150°
AR=1, 2,4, 6
YR = 0.2, 0.4, 0.6, 0.8, 1.0
- Plots of K'against the Strouhal number ch are presented in Figs. 17-19
for values of ey, v
AR and YR as defined below: c
oj =60°, 90°, 120°, 150°
AR|=1, 2, 4, 6 .
VR(= 1.0 for 04 = 150 o o
VR|= 0.6, 0.8, 1.0 for 60 < o< 120

- HWhere Z'is not defined, it may be assumed zero.
@ The method of calculation is as follows:
Step 1
Determine the following:
Primary nozzle diameter Do “ m
Se¢ondary nozzle diameter Dp =\'m
Primary jet velocity V¢ ~ m/s
Se¢ondary jet velocity Vp.~ m/s
Primary jet temperature g ~ og
Then:
Area ratio AR = (Ap/Ac)
and

VeJocity ratio VR = (Vp/V¢)

Step 2

Using Appendix A for single stream jets obtain a plot of the Sound
Pressure Level for the primary jet alone at (r, ej) in the farfield
against 1/3 octave Strouhal frequencies ch

'V'_ .

C
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Step 3

Using Figs. 1-16 obtain the 1/3 octave spectrum of Ay, corresponding to
the required angle, area ratio and velocity ratio.

Step 4

[} o L3 / . .
Using Figs. 17-19 obtain the 1/3 octave spectrum of A corresponding to
the required angle, area ratio and velocity ratio.

Step 5
Compute ghe_spectrum_nf_Ihe_cnaxia1_QQrrﬂgiign_A_uéing_Am_énQ_éf from
Steps 3 and 4 at corresponding Strouhal frequencies as follows:
v
s | ¢ - 274
Sl I
Step 6

Compute the coaxial jet spectrum by adding the ceaxial correctigns a to
the primary jet Sound Pressure Levels of Step 2 at corresponding Strouhal
frequencies as follows:

SPLchaxial = SPLprimary * &

Step 7

Obtain the 1/3 octave spectrum Tevels at position (r, ej) and over the
range of [frequencies from the spectrum of Step 6.
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PLOTS OF A _AGAINST STROUHAL FREQUENCY
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PLOTS OF AmAGAINST STROUHAL FREQUENCY
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PLOTS OF A _AGAINST STROUHAL FREQUENCY
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PLOTS OF A _AGAINST STROUHAL FREQUENCY
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PLOTS OF A_AGAINST STROUHAL FREQUENCY
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PLOTS OF A _AGAINST STROUHAL FREQUENCY

A = )SPL - SPL
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PLOTS OF A _AGAINST STROUHAL FREQUENCY
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PLOTS OF A _AGAINST STROUHAL FREQUENCY
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PLOTS OF A _AGAINST STROUHAL FREQUENCY
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PLOTS OF A  AGAINST STROUHAL FREQUENCY
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PLOTS OF A’ AGAINST STROUHAL FREQUENCY.
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METHOD 2

(ex-Boeing)

7. PREDICTION OF SHOCKFREE COAXIAL JET NOISE:

7.1 Static Conditions: Definitive model scale experimental work of recent years
has provided a data base for the study of coaxial noise over a wide range of
velocity, temperature and area ratios. This work has shown that coaxial jet
noise level and Spectral Character is a function of the primary, mixed and
secondary jet conditions. The principal parameters of each stream are:

a) The velocity

b) The jet density

c) The jet total temperature
d) The jet dimension and area

It has been concluded that the most convenient way toc-express jet noise
characterjstics is to consider firstly the normalized overall sound pressure
level (0ASPL) as a function of jet velocity (Vj)loand angle of measurement
(ej or e;) and to then relate the spectral character (on one-thifrd

octave bagis) to the overall level at any point in the field. This
procedure|may be adopted by using Figures B¢l through B.8. The proposed
prediction procedure for coaxial jet noise is independent of that for the
single jet (Appendix A) except for the density exponent relationship shown
in Figure|A.l.

The calculation procedure assumes that the following jet flow copditions are
available|for the primary or infner jet, and the secondary or outer jet;

a. FKully Expanded Mean-Jet Velocities, Vp and Vg
b. Fully Expanded Mean Jet Density, Pp and og

c. Mean Total.Temperatures, Tt p and Tt g

d. FRully Expanded Areas, Ap and Ag

The predi¢tion procedure is restricted to the following range of|conditions:

AS
1 < £ <6
p
v
.4<v§<2.5
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7.1

(Continued):

o 1O N
(5
=
=
n
o
v

The prediction procedure is also limited to configurations without a primary
centerbody.

During the data analysis the high velocity data from Reference

extended

configura
and mixed
attributed to an effect of the extended primary nozzle:.

Thus, two

a.
b.

brimary indicated Tower mixed jet OASPL than that for

jet velocity. These observed differences at high vel

prediction procedures have been provided:

Coplapar and Retracted primary configurations
Extended primary configuration

The method of calculation is as follows:

1. Calcullate the bypass ratio (BPR)
BPR = ’s As Vs
p "p 'p
2. Calculate the mixed-jet velocity (Vy)
v
s
= T8
3.

Calcylate the mixed jet total temperature (T; M)

tion, and a strong dependence between peak Strouhal” nu

for an

coplanar
ber (Mixed)
pcities are

T
1,5
1 + BPR b
T,P

T T¥BPR

T.M=T1,p
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7.1 (Contin

ued) :

4, Calculate the mixed jet density (pM)

5, Ca1cﬂ4a%e—%he—mixed—éet—anea-LAM)

6. Calgulate the mixed jet diameter (DM)

7. Wit

and
8. For
the
S =
The mix
angle a
9. Cal

P
oM B3 T Where
* s, M
V2
T =TiM" T3 o

1/2
4 A

- ()
m

h Vy, Vg and the ambient speed of sound (ag) obtain the
secondary jet density exponents (wM, wg) from Figure A}

free field normalized overall Sound Pressure Level (S)}

Wy m m
o\ M A\ Te\ L (To 2

re given in Figure B.1.

W m m
N /AN /T N /T \T2
OASPL = § + 10 Log () (—4)( 72 ) {2
Po R 0 T,S

mixed
1,

each desired angle and’mixed jet velocity, use Figure B.1 to obtain

where:

hd jot-OASPL temperature-directivity exponents ni and np at each
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7.1 (Continued):

10.

Determine the mixed jet normalized one-third octave band spectral
levels using Figure B.2 and

(fDM 1 1
M/ toF  Ewy

where the Strouhal connection factors ¢pr &My are obtained from
Figures B.3 and B.4. Enter Figure B.2 with the corrected mixed jet
Strouhal number to determine:

1/3 0BSPL - OASPL

11. Calculate the mixed jet 1/3 octave band sound pressure level,

1/3 OBSPL = OASPL + (1/3 OBSPL - OASPL)

-@®+Q

12. Correct the mixed jet spectra for the effect of atmospheri¢ attenuation

using ARP 866.

AdB
1/3 OBSPLCORR = 1/3 OBSPL - T00 FE- (R-1)

13. Determine the normalized secondary jet OASPL using Figure B.5.

14, Caldulate the secondary jet OASPL, where

15.

[A) -m
o-\'S A v 4
S = OASPL - 10 Log'{—= —-Z- Vi
o R P
bs\'s AN/V =Ty
& R P

The secondary jet velocity ratio-directivity exponent ng is obtained
from Figure B.6.

Calculate the secondary jet peak Strouhal number (fDg/Vs)pk for
each angle, and secondary velocity using Figure B.7.
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7.1 (Continued):

16.

17,

18,

19,

20.

21.

Calculate the secondary jet normalized one-third octave band spectral
Tevels using Figure B.8 and

The secondary diameter is that of the outer annulus and(is @

The

Figure B.6.

)

Vp

4 A+ n |22
DS=L(“——ES )J
m

velocity ratio-Strouhal connection exponent, n3 is obta

The [secondary jet 1/3 OBSPL is calculated as follows:
1/3 OBSPL = QASPL *+ (1/3 OBSPL - OASPL)
= +
Corrlect the secondary jet noise spectra for the effect of 3
attenuation using ARP 866.
The [total coaxial jet noise 1/3 OBSPL is obtained from
SPLM SPLS
Calculate the OASPL for the coaxial jet as follows:
[m- 24 0r 27 sPL,

0ASPLrotar = 10 L0919 L L, 10 10+t

Calculate the perceived noise level (PNL) using ARP 865A.

btained from

ined from

tmospheric

SPLn
10 "10
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METHOD 3
(ex-NASA Langley)

7. PREDICTION OF SINGLE STREAM AND DOUBLE STREAM STATIC JET MIXING NOISE FROM

R

RCULAR AND COAXIAL NOZZLES:

7.1 Static Conditions:

An extensive jet noise data base has been developed from

nine separate test series of model data consisting of 214 different circular
jet test points and 603 coaxial jet test points from five different industry

and government sources.
noise from subsonic circular jets

Analysis of the data shows free field jet mixing
can be defined from the jet velocity and

jet total temperature7——FUr—cuaxTa1—jets—the—free—fTer—jet—meung noise
with both |jets subsonic requires three additional parameters, the jet
velocity natio, the jet total temperature ratio, and the jet area ratio.
The prediqtion parameters and the recommended range of operation for which
the method is valid are listed below.
Prediction Parameter Operating Range
a) Normalized equivalent jet velocity, Vo/ag 0.3 to [2.0
b) Normalized equivalent jet total temperature, 0.7 to 4.5
Td/tg
c¢) Ratio of secondary jet velocity.to primary 0.02 tg 2.5
jet velocity, Vo/Vi
d) Ratjo of secohdary jet total temperature to 0.2 to 4.0
primary jet total temperature, To/T3
e) Ratio of secondary jet area to primary jet 0.5 to |10.0
atea, Aa/Ay
The free field circular or coaxial jet mixing noise one-third |octave band
sound pressure devel can be expressed in components as:
p.a 2
070
SPL (91” n)' = OAPWL + DI (e'i) +F (n) +RSL (e, n) + 20 1og10 <W>

A
ref
+ 10 10910 <3;;;§:>+ 197.0

(1)
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7.1

(Continued):

where OAPUL is the normalized overall power level defined by

OAPWL = 10 log;, [Acoustic Power/(r;lI + &2) aoz)]

(2)

and the reference area, Apof, is the area of a cold jet at the critical
pressure ratio which has the same mass flow as the hot jet and is defined as

Arei

and r is

The dired

ri—{ml

*

1 M s\ 1t LY
mzl/ } podol

(3)

the distance from the nozzle exit centerline to the observer.

tivity angle, o4, is the angle relative to thélinlet axis and the

parametert n represents the logarithm of the one-third>octave band normalized

frequency
frequency

. §

where Va
circular

DI(e;) iq the normalized directivity, F(n) is the normalized pow$;
e

nd power

/Aref
+197.0
\4ar?

spectrum,

overall sound pressure level, QASPL, and the one-third octave b3

spectrum

0ASPL( 4

. The normalized frequency parameter, n, ds related t
s Ty by

= Tog1g (F De/Ve)
and Dg are the equivalent jet velocity and jet diameten
or coannular jet.

and RSL (ej, n) 1s the normalized relative spectrum.

level, PWL, can be expressed as
2
Po%0

) = OAPWL +@i{e,) *+ 20 Tog,. " + 10 Tog
1 i 10 GISAaISAi 10

2

PHL(n)

. /203
= URPHL F(m) 207 T0gy \f;sAaISA

/) 10 Tog;, ((ﬁi*

+ 197.0

the

(4)

for a

(5)

(6)

Once the values OAPWL, F(n), D(aa), and RSL (e.,n) are defined any of the
nb

desired noise level quantities ¢

e computed from equations 1, 5, or 6.
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7.1 (Continued):
The method of calculation is as follows:

Step 1 - Calculate the equivalent flow properties for the coaxial jet.
The single equivalent jet has the same mass flow, energy flow,
and thrust as the coaxial jet. The mass flow of the single
equivalent jet is:

5t gives the
equivalent velocity, Vg, as

me Vo +mo V
v - 11 22 (8)

my + m,

Since the gas constant, R, for air is not significantly changed
by the addition of a small amount of combustion products, the
equivalent temperature can be.defined from the total energy flow
as

. Y1

m + m
LG )L M (7 T2 (9)
e

. 'Yl 4 . ' 'YZ
WhHy -0 "2T, - D

c
Ly P
where the specific heat ratio, y, is defined as, yF1 ~ R

where Cp is the specific heat at constant pressure|

The equivalent specific heat ratio, va, is defined| from the
by

. Y . Y
1 2
e M Ty -0 +" Ty - D

- (10)
&y -1)

l;‘1" l;‘2
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Step 2

Because the fully expanded jet static pressure is equal to the
ambient pressure the equivalent jet density, pe, can be
defined from the ambient jet density, pg, by

T oy -1 /v N¥\"!
Pe = Po Eg" e2 Eg (11)
0 - 0

The equivalent jet area, Ag, is then defined from continuity as

€ (12)

and the equivalent jet diameter, Do, is
- 172
D, = (4 Ae/w) (13)

Also the reference area, Apef, needs to be computed using
equation 3 as follows

Apef = Mo/ (pga,) (3)
Calculate the parameters) xj to x5 from the equivalent jet
flow properties and the coaxial jet flow property ratios as

follows

X1 = 10910~ (Ve/ag) _ (14)
x2 = Tog1g (Te/(2 tp)) (15)
x3= log1g (V2/Vi) (16)
x4 = logyg (T2/T1) (17)
x5 = logyg (A2/A1) (18)

For the circular jet Vg = V1, Te - T1. and x3, X4, and x5 are
equal to 0.0,

Step 3

Using the values x1 to x5 obtained in Step 2 compute the
values of the derivative multipliers, X1 to Xj, as listed in
Table C1, where N has a value of 8 for the circular jet and a
value of 36 for the coannular jet.
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7.1

(Continued):

Step 4 -~ Compute the value of the normalized overall power Tevel, OAPWL,

Step 5

Step 6

Step 7

from the derivative multiplier values, Xj, and the
corresponding N number of derivative values, PWL,j
Table C2 where N is equal to 8 for the circular je
the coannular jet using the relation

N
OAPH =1 PNL,‘j Xj

values of 0°, 30°, 60°, 90°, 120°, 150°, and 180
derivative multiplier values, X:, and the correspo
N of directivity index derivative values, DI,j(Gi)
in Table C2 using the relation

N
DI(e,) = )

£ Dl’j(ei) Xss

o o Q o o

for e =0°, 30°, 60°, 90°, 120", 150°, and 180°|

Compute the values of the normalized power spectru
values of -1.5, -1.0, -0&5, 0.0, 0.5, 1.0, and 1.5
derivative multiplier values, Xj, and the correspo

, listed in
t and 36 for

(19)

) for e

from the
nding number
L Tisted

(20)

m, F(n), for q
from the
nding number

N of power spectrum derivative values, F,j{n) Tistpd in

Table C3 using the-relation

N
for W= -1.5, -1,0, -0.5, 0.0, 0.5, .0, and 1.5,

Compute the values of the normalized relative spec
(665“) for ey values of 0, 30, 60, 90, 120, 1
180" an

(21)

trum, RSL
50 , and
5, 1.0, and

d for n vqlueg of -1.§, 71.0, -0.5, 0.0, 0.

the

cérresponding derivative values, RSL,j(ej,n), in Table C4

using the relation

RSL (ei,n) = j:l RSL’j (ei,ﬂ) Xj

L ¥ @ v

for ej = 0", 30", 60°, 90°, 120°, 150°, and 180"
and for n = 1.5, -1.0, -0.5, 0.0, 0.5, 1.0, and 1

(22)

.5!
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7.1

(Continued):

Step 8

- Compute the values of OASPL (ej) for ej values of 0°, 30°,

60°, 90°, 120°, 150°, and 180°, from the value of
obtained in Step 4, the values of DI(ej) obtained

(-]

OAPHL
in Step 6

and the -value of Apgf obtained in Step 1 using equation 5

shown below

Pod

, 0 +
OASPL(G.i) = WWE + 01191) + 20 10910 (W)

Step 9| -

Step 10 -

Step 11 -

Step 12 -

A
10 Togy <E-29%> + 19750
4qr

Compute the OASPL values at the desiredidirectivi{
(ep) by interpolating the OASPL (ej)<values obtai
Step 8 to obtain the OASPL (ep) values using a cu
which has zero slope end conditions (directivity 4
and 180" ). The cubic spline is a piecewise third
polynomial with continuous slope and curvature at
points ej.

Compute the relative spéctrum Tevel values at the
directivity angles by interpolating the RSL {ej,n
obtained in Step 7 Gsing a cubic spline which has
end conditions for, normalized frequency parameter

(23)

Ly angles

ed in

ic spline
ingles of O
order

the node

desired
values

zero slope
(n) values of

-1.5, -1.0, -0:5; 0.0, 0.5, 1.0, and 1.5 to obtain the

RSL(ep,n) values.
For the desired one third octave band frequencies,

compute “the value of the parameter, n, to obtain {
np values using equation 4 as shown

np = logip (fp De/Ve)
where fp is the desired one third octave band cens

e e
equivalent diameter computed in Step 1.

(fp)
the desired

(24)

ter
Ly and

Compute the normalized power spectrum levels and the relative
spectrum level values at the desired np values obtained in
Step 11 and the desired directivity angles by interpolating the

F(n) values obtained in Step 6 and the RSL (ep,n)

values

obtained in Step 10 to obtain the values (F(np) and the
values of RSL (ep, np) using a cubic spline with zero

curvature end conditions (n = -1.5 and +1.5).
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7.1 (Continued):

Step 13 - Compute the sound pressure Tevel values at the desired
directivity angles and desired frequency levels from the values
of F(np) and RSL(ep, np) obtained in Step 12 and the
OASPL ?eD) values obtained in Step 9 to obtain the values for
SPL (ep, np) using the relation

SPL(ep,ny) = OASPL(ey) + Flnp) + RSL(ep,np) (25)

Step 14 - Also the one third octave band power spectrum Tevel at the

i i value
obtained in Step 4 and the F(np) values obtained;ijn Step 12
to obtain the values for PWL(np) using the relatign

p.a

2
00

(26)
* 2
+ 10 10910 (mea0 /“ref) + 197.(

Note 1 | - The power spectrum levels and relative spectrum lgvels
generated in Steps 6 and7 are normalized such thdt

o LS

n
and

<RSL(ei,n)>
TN
n

Note 2 | - {The overall directivity index generated in Step 4|is normalized
such that

= 1 for each 8;

. <DI(e1.)>
-% J' 10 10 sin 8, dei =1
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7.1 (Continued):

Note 3 - The standard error of the prediction method is dependent on the
availability of the data. At directivity angles of 0° and 180°
where there are no actual data the standard error of
extrapolated values is generally greater than 2 dB. At n
values of *1.5 and -1.5 where there are less data the standard
error is greater than at the mid range of the n values. The
standard errgr values over the directivity angle (e4) range
of 0° to 180° and the frequency parameter (n) range from -1.5
to 1.5 are 1isted in Table C5. Figure Cl shows a contour plot
of the standard error values. The mean error is 0.0 dB

everywhere,

Note 4| - The symbols presented in Section 4 apply to this‘“Appendix,
however for completeness all the symbols used in this Appendix.
are presented below:

SYMBOLS

ag Ambient speed of sound m/s

aIsA ' Speed of sound under ISAy SL conditions m/s

Ae Nozzle exit area ofiequivalent single jet m2

Aref Reference area used in computing normalizegd m2

power

Ay Nozzle exit area of inner stream of circullar  m2

jet

A2 Nozzle exit area of outer stream m2

Cp Specific heat value at constant pressure Jd/kg k

DI(ej) Directivity Index dB

DI,j(e1) Derivative value for Directivity Index

De — Nozzte exit diameter of equivatent—singte m

jet

f One-third octave band center frequencies Hz

fD Desired one-third octave band center Hz

frequencies at which noise levels are
computed
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~1

(Continued):

F

Faj(n)

OAPWL
OASPL
PWL (1)
PHL,

r\
R
RSL(e4

One-third octave band normalized power
spectrum

Derivative value for one-third octave band
normalized power spectrum

International standard atmosphere

Index for derivative value

(04)

)

Mass flow rate of single equivalent jet

dB

kg/s

Mass flow rate of inner stream oricircular jet kg/s

Mass flow rate of outer stream

-t

Number of derivatives and derivative mult
pliers employed in computation of OAPWY,
DI(ei), F(n) and RSL(ej,n)

Normalized overall acoustic power level

Overall sound pressure level

1/3 octave band power spectrum level

Derivative values for overall acoustic
power level

Radial distance from nozzle exit to observer

Gas constant for air

Normalized relative spectrum level

RSL,j(e4,n)

SPL

Derivative values of normalized relative
spectrum level :

Sound pressure level

Ambient static temperature

Nozzle exit equivalent jet total temperature

kg/s

dB
dB
dB

J/kg k
dB

dB
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7.1 (Continued):
Ty Nozzle exit total temperature of inner k
stream or circular jet
To Nozzle exit total temperature of outer stream Kk
v Nozzle exit flow velocity m/s
Ve Nozzle exit equivalent jet flow velocity m/s
Vi Nozzle exit jet flow velocity of inner m/s
stream or circular jet
Vo Nozzle exit jet flow velocity of outeristream m/s
X Nozzle exit flow parameters
Xj Derivative multiplier values
GREEK $YMBOLS
Y Ratio of specific heats
Ye Nozzle exit flow specific heat ratio of
equivalent jet
11 Nozzle exit flow specific heat ratio of
inner stream or circular jet
Y2 Nozzle exit flow specific heat ratio of otuter
stream
n Normalized frequency parameter
nD Desired values of frequency parameter at which
noise levels are computed
0 Directivity angle relative to inlet axis degrees
ep Desired vatues of directivity angtefor—which  degrees
noise levels are computed
Tref Acoustic reference power watt
0 Density kg/m3
pe Nozzle exit flow density of equivalent jet kg/m3
PISA Air density under ISA, SL conditions kg/m3
Ambient air density kg/m3

Po
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7.2

Parties Contributing to Formulation of Appendix C

Lockheed Georgia Company, USA

National Aeronautics and Space Administration, USA
Royal Aircraft Establishment, England

Pratt & Whitney Aircraft, USA

SNECMA, France
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