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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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A THEORETICALLY-BASED METHOD FOR PREDICTING STATIC-TO-FLIGHT
EFFECTS ON COAXIAL JET NOISE

1. NOTATION
Units
S British
A area of jet component m? 2
Ay geometric area of primary stream m? 2
g Aq geometric area of secondary stream m? 2
)
- AR arearatio, AJ/A
o p
e AR’ arearatio based on flow areas [see Equation (5.7)]
o
§ ag ambient speed of sound’ m/s ft/s
% Cyq nozzle discharge coefficient
=
< D j nozzle diameter of jet component m ft
=
o) 4 A
L Dy equivalent primary jet nozzle diameter (= - j m ft
= m
2
O 4(A + A)
E Ds equivalent secondary jet nozzle diameter = [ b2 J m ft
% s
§ Fb spectral weighting for secondary jet daB aB
O
E Fu spectral weighting for mixed and interaction jets dB dB
(%]
= f frequency Hz Hz
f cut-off frequency for mixed jet Hz Hz
fg cut-off frequency for secondary jet Hz Hz
h’ modified ratio of secondary annulus height to the primary radius
(see Equation (5.21))
k ratio of dipole to quadrupole source strengths - -
OASPL  overall sound pressure level dB’ dB’
Pisa ambient pressure under |SA conditions kPa | bf 2
Po ambient pressure kPa | bf /2
r sound propagation distance (see Sketch 1.1) m ft
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r’ ratio of turbulence levels

S Strouhal number, § = ij/ V]

SPL one-third octave band sound pressure level dB dB
Tj static temperature of jet component K K
T s primary jet static temperature K K
T secondary jet static temperature K K
T, ambient temperature K K
Vv, flight velocity m/s ft/s
Vj fully-expanded velocity of jet component m/s ft/s
14 » fully-expanded primary jet velocity m/s ft/s
Ve fully-expanded secondary jet velocity m/s ft/s
VR velocity ratio, Vs/ Vp

A correction for difference in turbulence levels dB dB
Py density of primary jet flow kg/m3 i
0, flight emission angle (see Sketch 1.1) degree degree
0 ; angle between line to observer and engine exhaust axis for static jet degree degree
Subscripts

i interaction jet

m mixed jet

P primary jet

s secondary jet

ESDU Copyright material. For current status contact ESDU.

T The reference pressure for all decibel levels is 20 uPa (i.e. 2 x 107 N/m?) or 0.42 x 1079 Ibf/in’.

A density value expressed in British units as 1b per cubic foot has to be divided by 32.2 before the calculation for 4 shown in
Equation (5.2) is carried out. (A force of 1 1bf acting on a mass of 1 1b produces an acceleration of 32.2 ft/sz.)
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~«— Aircraft position at time of sound reception
~<— Aircraft position at emission time

o

Z
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" engine jet axis
Flight emission angle, 0,

Sketch 1.1

2. INTRODUCTION

ESDU 14014 provides a computerized method for estimating static-to-flight effects on coaxial jet noise.
It is intended that this method should be applicable to aircraft turbofan engines with separate core and
bypass exhaust nozzles and with a hot core flow. The method is a theoretically-based one which reflects
the known aerodynamic characteristics of both single-stream and coaxial jets. An account of the
development of the prediction method, which is based on the coaxial jet modelling described in References 2
and 3, is given in Derivation 1 which is an internal ESDU technical memorandum available on request.

In essence, the method breaks up the coaxial jet mixing noise into three single-stream jet noise sources
which can be predicted using Reference 4, modified appropriately and then summed. To each of these
sources, the static-to-flight effect estimation procedure for single-stream jets described in Reference 1 is
applied. The three spectra are then recombined to provide a flight spectrum. The difference between this
flight spectrum and the static spectrum provides the static-to-flight effects for a coaxial jet.

ESDU Copyright material. For current status contact ESDU.

It is postulated that the prediction accuracy of the changes in going from static to flight conditions should
be substantially better than the prediction accuracy of the absolute spectral levels. Thus when predicting
a flight spectrum:

(a) for the greatest accuracy, these calculated static-to-flight effects should be applied to a measured
static spectrum,

(b) alternatively the method given in ESDU 11002 (Reference 5) may be used to predict a static
spectrum,

(© if neither of these options is available the flight spectrum generated here may be used, but the errors
will be greater.

As stated above, the computer programs that accompany this Item can be used to predict flight spectra
either directly or from static spectra input by the user. In the first case, flight spectra are predicted at angles
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specified by the user, whereas in the second, flight spectra are predicted at the same angles as those of the
static spectra.

The prediction method has been developed for a coplanar exhaust configuration but is considered to be
applicable to jets with short centre-bodies and for cases where the secondary stream emerges a little
upstream of the primary nozzle exit plane, as, for example, in a “three-quarter cowl” configuration of an
engine exhaust system.

The method is not applicable to mixed exhaust configurations or non-circular nozzles and does not take
into account any acoustic or aerodynamic installation effects.

By using fully-expanded jet velocities, the method can be applied to the mixing noise of supercritical jets
although this has not been validated with experimental data. The noise arising from shock-associated
sources is not included.

3. VISUALIZATION OF THE COAXIAL JET
The representation of the noise creating mechanism of a coaxial jet is extremely complex. The three-source
model (References 2 and 3) is an attempt to simplify matters by representing the noise from a coaxial jet

by the sum of three separate single-stream jets, each with specific operating conditions and dimensions.

The noise-producing regions of a coaxial jet for an aero-engine are illustrated in Sketch 3.1.

Primary/secondary shear layer Secondary/ambient shear layer
/
VS
g

| —

Initial | Interaction | Mixed-flow
region region region
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Sketch 3.1 Noise-producing regions

An overview of the noise characteristics of each of these regions is given here before the governing
equations for the different parameters are presented.

In the outer part of the initial region, the mixing of the secondary jet with the ambient air can be represented
as the high-frequency part of a single-stream jet with the secondary jet velocity, temperature and nozzle
diameter. This region is subjectively important because it generates high-frequency noise and because it
contributes substantially to the total jet noise at other than low secondary-to-primary velocity ratios. This
jet is referred to as the secondary jet.

In the far downstream region, where the primary and secondary flows become well mixed, the noise
generated is at low frequencies and characterized by the low-frequency part of a single-stream jet at the
mixed-flow jet velocity, temperature and diameter. This jet is referred to as the mixed jet.

A third region is the interaction zone where the primary jet generates noise by its interaction with the
secondary jet shear layer. This is the most difficult region to characterize. Its noise is deemed to depend on
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the primary jet velocity but at a level lower than that of an isolated single-stream jet. This jet is referred
to as the interaction jet.

In addition to the noise sources from these three regions, there is a fourth noise source arising from the
shear layer between the primary and secondary flows in the initial region of the jet. However, this source
has been found to be of little significance in the context of aero-engines and has been neglected in the
modelling.

4. THE STRUCTURE OF THE PREDICTION METHOD
The three main components of the prediction method are:
1 the specification ot the single-stream jet parameters describing the individual components o
i he specificati f the singl jetp describing the individual p f
o the coaxial jet as three single-stream jets, together with the spectral cut-off and other
o modifications required to each,
wl
§ (i1) the prediction of the static noise spectra for each of the three sources and
=
c
S (ii1) the calculation and application of the static-to-flight effects for each of the three sources.
(%2}
>
g Each of these stages is detailed in the following Sections. There are several complex issues involved in
w2 the modelling which, for the sake of brevity, are specified below without explanation. The reader is referred
o to Derivation 1 for elucidation.
=
(S)
o
w 5. THE THREE-SOURCE MODEL COMPONENTS
<
5 The three-source model represents the coaxial jet by three single-stream jets, each with its own
*é characteristics, viz.
+—
@ (i) the secondary jet,
&
3 (ii) the mixed jet and
D e . . .
o (iii) the interaction jet.
w
The specific parameters of each single-stream jet required for predicting its noise spectra are the
fully-expanded jet velocity, Vj, the jet static temperature Tj , the jet nozzle diameter Dj and the area 4 -
It is then necessary to specify what spectral or other modifications should be applied to the predicted spectra.
Such details for each of the three jet components are given in the sections below.
5.1 Secondary Jet
The mixing of the secondary jet with the ambient air can be represented by a single-stream jet at the
secondary jet flow conditions and nozzle diameter. This jet is cut off at low frequencies. Somewhat
arbitrarily, the cut-off frequency is taken to be that at a Strouhal number of unity, which corresponds roughly
to the end of the potential core of the jet.
Documents
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Jet Parameters

v, =7, (5.1)
T, = T, (5.2)
D, = D, (5.3)
4; = A (5.4)

Spectral Modification

To cut off the single-stream jet spectrum calculated with the above parameters, the predicted sound pressure
levels, SPL(f) , are modified by the addition of a frequency weighting to give

SPL (f) + 10logF, (f)

where
SPL _(f) is the estimated noise spectrum of the secondary jet,

2 3
F () = 1o [1 +j{+ %(j{] - é(j—j} } (5.5)

and where the cut-off frequency corresponding to a Strouhal number of unity is given by

VS
fo = o (5.6)

N

5.2 Mixed Jet

Downstream of the potential core of the primary jet, where the flows from the primary and the secondary
jets are deemed to have combined, the noise generated is at low frequencies and is characterized by the
mixed-flow jet conditions. This jet is cut off at high frequencies.

ESDU Copyright material. For current status contact ESDU.

In this region, it is required on theoretical grounds to take into account the discharge coefficients of both
the primary and the secondary nozzle flows. Consequently an area ratio based on the nozzle flow areas, viz.

c
AR’ = AR. =% (5.7)

dp

has been used in determining the jet parameters. This is not a factor which is of significance in the
aero-engine context and, if the discharge coefficients are not known, a value of unity should be entered.
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Jet Parameters

2
1+ VR - AR’ - TR
V.=V _ =T . 5.8
J mn P 1+ VR -AR" - TR S

+ . !
r.=r1 =71  —*VR /,IR (5.9)
J m P 1+ VR-AR - TR
D =D, - DPJ(I + VR - AR") -2(1 + VR - AR’ - TR) (5.10)
(1 + VR™ - AR’ - TR)
A, = A = nD/4 (5.11)
J m J )

Spectral Modification

The spectral correction to the mixed jet is applied in a similar manner to that of the secondary jet, the
predicted spectral levels, (SPL, (f)), being modified to

SPL, (f) + 10log F 1, (f)
where

SPL, (f) is the estimated noise spectrum of the mixed jet,

2 3
~4f1f,, Af 1(4fj 1(4f}
F () = e R e T e (5.12)
D { w20, 6,
and where the cut-off frequency is given by

V
m

In = 5 (5.13)

ESDU Copyright material. For current status contact ESDU.

5.3 Interaction Jet

The region in which the primary jet flow interacts with the secondary shear layer is complex both
aerodynamically and acoustically. However, two key observations have enabled the noise from this region
to be modelled. Firstly, experimental data from isothermal coaxial jet tests showed that (after making
allowances for the noise from the secondary and the mixed jet components) the interaction noise correlated
well with the eighth power of the primary velocity at 90° to the jet axis — as would be expected for an
isolated jet at the primary velocity. But, secondly, turbulence measurements in this region of coaxial jets
have shown a lower level than would be expected for an isolated jet. Hence the interaction noise is modelled
by a jet at the primary flow conditions but with the predicted noise levels reduced as a consequence of the
reduced turbulence intensity.
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Jet Parameters

Vo=V, =V (5.14)
T, =T, =T, (5.15)
D; = D, = D1+ VR AR when D,<D,

and
D, = D, = D, when D,>D, (5.16)
4, = 4, = nD/4 (5.17)

Spectral Modifications

In addition to the correction for the reduced turbulence levels, the method in this Item includes both low
and high frequency modifications and convective corrections to the spectral levels predicted for the
interaction jet.

(a) The reduced-turbulence modification
For ahot jet, the correction for the reduced turbulence level of the interaction jet requires taking into account

the balance between the dipole and the quadrupole noise sources. If the turbulence is reduced by a factor,
r’, then the noise reduction is given by

_ 20k +r
A = 10logr [k ]dB, (5.18)

where

2
{Tp/To - 1}
Vp/a0

k=17. (5.19)
T
1+ 0.65] —£
T, - |

The turbulence factor 7’ has been found to depend on the ratio of the secondary annulus height to the
primary diameter modified to take account of the change in the secondary spreading rate in flight in the form

ESDU Copyright material. For current status contact ESDU.

¥ = 0.6[exp(~0.7h")] + 0.4 (5.20)
where
L+V, 1V,
h=|———— . (D/D -1). 5.21
7 ) PPl (:21)
a S
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