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MEAN FLOW AND ACOUSTICS OF DUAL-STREAM JETS

Dimitri Papamoschou �

University of California, Irvine, California 92697-3975

This study examines the connection between the mean 
ow shape and the acoustic emission

of dual-stream jets. The experimental investigation encompassed jets issuing from coaxial,

eccentric, and arcuate nozzles, as well as nozzles with de
ectors in the secondary stream.

The in
ection points of the transverse velocity pro�le were used to de�ne the generalized

secondary core (GSC) of the jet. In coaxial and arcuate jets, the length of the GSC roughly

equals that of the secondary potential core. In eccentric jets and in jets with de
ection of

the bypass stream, the GSC is much longer than the secondary potential core. As a result,

a long secondary shear layer is formed that reduces the primary convective Mach number

throughout the dominant noise source region. The acoustic results indicate that, when the

GSC is shorter than the primary potential core, noise reduction is modest, whereas when the

GSC is longer than the primary potential core, noise reduction is substantial. The mean 
ow

data were distilled into simple models for the primary and secondary convective Mach number

distributions. The jet with de
ected secondary 
ow achieved the lowest average convective

Mach number and produced the largest noise reduction.

Nomenclature

a = mean speed of sound

B = bypass ratio, _ms= _mp

D = nozzle diameter

Dm = mass-
ux-equivalent diameter, Eq. 12

_m = mass 
ow rate

L = length of potential core

M = Mach number

Mc = convective Mach number

u = mean velocity in jet plume

U = nozzle-exit velocity

Uc = convective velocity

x = axial coordinate from nozzle exit

Æ
0 = shear layer growth rate

� = density

Subscripts

p = primary (core) exhaust

s = secondary (bypass) exhaust

1 = 
ight conditions
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Introduction

The dominant component of jet noise is due to the

mixing of large-scale turbulent eddies. Large-scale

mixing noise has been successfully modeled by treat-

ing the eddies as instability waves [1, 2, 3, 4]. A

governing parameter is the convective Mach number

Mc of the instability wave. When Mc is supersonic,

strong Mach wave radiation is evident in instanta-

neous photographic realizations of jets. For subsonic

Mc, the growth-decay nature of instability waves

creates a spectrum of phase speeds, part of which is

supersonic [2]. The resulting Mach wave emission is

not as intense or nonlinear as its supersonic coun-

terpart but still constitutes the strongest source of

sound. As Mc becomes more subsonic, Mach wave

emission (that is, the acoustic energy propagated

to the far �eld by supersonic disturbances) weak-

ens rapidly. This has spurred recent attempts to re-

duceMc by strategic use of a secondary 
ow. These

works suggest that noise reduction is intimately con-

nected to the shape of the mean 
ow [5, 10].

This paper attempts to shed more light on the rela-

tion between noise emission of dual-stream jets and

their mean 
ow characteristics. We look at several

nozzle shapes, some of which provide noise reduc-

tion and some that do not, and try to explain the
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conditions under which noise reduction is achiev-

able. The �rst step is identi�cation of the key el-

ements of the mean 
ow that distinguish a dual-

stream jet from a single-stream jet. It is followed

by development of simple models for the velocity

distributions that de�ne the primary and secondary

shear layers. This leads to a model for the convec-

tive Mach numbers that can be used as a guide for

assessing which con�gurations have the potential for

signi�cant noise reduction.

Elements of the Mean Flow

The initial region of a dual-stream jet consists of

two shear layers: primary and secondary. See Fig.

1. The primary shear layer encloses the primary po-

tential core. The region between the primary and

secondary shear layers de�nes the generalized sec-

ondary core which contains an initial potential re-

gion followed by a non-potential region. The con-

cept of a generalized secondary core (GSC) is essen-

tial for understanding the acoustic bene�t of cer-

tain dual-stream con�gurations. In many practical

cases, for instance in coaxial jets of turbofan en-

gines, the GSC ends upstream of the end of the pri-

mary core. The 
ow past the end of the GSC con-

sists of single shear layer between the jet centerline

and the ambient stream, thus has the characteristics

of a single-stream jet. It is useful therefore to divide

the jet 
ow into two regions: the compound region,

which is the region before the end of the GSC; and

the simple region, which is the region past the end

of the GSC. The extent of the compound region,

relative to the length of the primary potential core,

is critical for noise reduction.

The relations for the primary and secondary con-

vective Mach numbers are as follows:

Mcp
(x) =

Ucp(x) � us(x)

as(x)
(1)

Mcs
(x) =

Ucs(x) � U1
a1

(2)

Application of Eqs. 1 and 2 requires knowledge of

the velocity distributions up(x) and us(x) that de-

�ne the two shear layers. Once these distribu-

tions are known, the convective velocities Ucp(x)

and Ucs(x) can be estimated from empirical mod-

els derived from direct measurements of Uc in jets

and shear layers [8] (see Eqs. 18-20).

The fast velocity of the primary shear layer, up(x),

is the maximum mean velocity of the jet. Exper-

iments show that it occurs on the axis of the pri-

mary jet, even for con�gurations with asymmetric

secondary 
ow. De�nition of the slow velocity of the

primary shear layer (fast velocity of the secondary

shear layer), us(x), is not as straight-forward. It

is clear that us(x) = Us inside the potential region

of the GSC. Downstream of the potential region,

however, de�nition of us(x) becomes problematic.

Experimental velocity pro�les show a distinct sec-

ondary layer for a �nite distance past the end of the

secondary potential core. This is particularly no-

ticeable in jets from eccentric nozzle con�gurations

(see for example Fig. 4c of [6].) It would be unrea-

sonable, therefore, to assume that the e�ect of the

secondary 
ow ceases immediately past the end of

the secondary potential core.

The resolution to this dilemma entails a consistent,

unambiguous way to detect the presence of a sec-

ondary shear layer. This is done here by examining

the in
ection points of the radial velocity pro�le.

The compound region of the jet is characterized by

three in
ection points: i1, i2, and i3, marked in

Fig. 1. The second in
ection point, i2, de�nes the

lower edge of the primary shear layer (upper edge

of the secondary shear layer). Dahl and Morris [7],

in their mean-
ow model for coaxial jets, used basi-

cally the same criterion to distinguish the two shear

layers. Thus us(x) = u[x; yi2(x)]. The three in
ec-

tion points persist for a certain distance past the end

of the secondary potential core. At some point, two

of them disappear and the pro�le reduces to that of

a single-stream jet. The downstream distance where

the number of in
ection points reduces from three

to one marks the end of the GSC. Beyond this point,

us = U1 and as = a1 in Eq. 1. Also, Mcs
(Eq. 2)

ceases to exist.

To reduce Mcp
throughout the jet it is necessary

to have a long GSC that covers the entire pri-

mary potential core. Eccentric nozzle arrangements

have proven to be very e�ective in this respect.

The experiments of Murakami and Papamoschou [6]

showed that eccentric nozzles shorten the length of

the primary potential core and double the length

of the secondary potential core on the underside of

the jet. The downward noise emission of the eccen-

tric jet was much lower than the noise emission of

the equivalent coaxial jet [5]. A critical 
ow feature

that was not emphasized in Ref. [6] is the remark-

able persistence of the in
ection point i2 in the ec-

centric cases with velocity ratio Us=Up = 0:67. Re-

examination of the relevant data of Ref. [6] shows
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that the in
ection point i2 (and, of course, the in-


ection points i1 and i3 ) can be identi�ed all the

way to the end of the measurement region. In other

words, by o�setting the nozzles, the GSC on the un-

derside of the jet became longer than the primary

potential core. This may explain the acoustic bene-

�t of eccentric con�gurations even with small diam-

eter ratio and small secondary mass 
ow rate [5].

Mean Velocity Data

We now apply the above procedures to mean 
ow

data collected over a number of years in the UCI

Supersonic Turbulence Laboratory. The investiga-

tions have encompassed a variety of jets issuing from

coaxial, eccentric, and arcuate nozzles, as well as

from nozzles with de
ectors in the secondary (by-

pass) stream [6, 10]. For brevity, we will refer to the

jet issued from the latter nozzle as the \de
ected"

jet. Figure 2 shows the generic nozzle geometries.

The eccentric arrangement was obtained by totally

o�setting the primary nozzle so that the outer sur-

face of the primary nozzle touched the inner wall of

the secondary nozzle. The arcuate nozzle featured a

smooth transition from a full annulus at the nozzle

entrance to a 240Æ annulus at the nozzle exit. The
coaxial nozzle with de
ectors in the bypass stream

featured two square vanes mounted inside the by-

pass duct, as shown in Fig. 2(d). The vane width

equaled the thickness of the annular bypass duct

and the vane trailing edges coincided with the duct

exit. The vane angle of attack was 20Æ. The vanes
imparted a downward tilt to the secondary plume,

in e�ect creating eccentricity not at the nozzle exit

but further downstream in the jet plume.

Compressed air, supplied at room temperature, was

fed to both the primary and secondary nozzles. Noz-

zle con�gurations and 
ow conditions are summa-

rized in Tables 1 and 2. For ease of reference we

use a labeling system that describes the size and

shape of the secondary nozzle and the velocity ra-

tio. Coaxial nozzles are denoted by Cxx, arcuate

nozzles by Axx, eccentric nozzles by Exx, and coax-

ial nozzles with vanes in the secondary stream by

V xx, where xx = 10 � Ds=Dp. The velocity ratio

is denoted by Ryy, where yy = 100� Us=Up. Case

C20R67, for example, describes the coaxial jet with

Us=Up = 0:67 issuing from a coaxial nozzle with

Ds=Dp = 2:0. Not all combinations of nozzles and

velocity ratios were covered. Table 3 lists the com-

binations for which full surveys of the velocity �eld

were obtained. Detailed 
ow �eld comparisons will

be made between the cases of the second group of

Table 3, i.e, cases A18R71, C16R71, E16R71, and

V16R71. They all share the same 
ow conditions

and same exit areas.

We now present selected results that capture the

behavior of the 
ow from the various nozzle geome-

tries. Figure 3 plots iso-contours of u=Up for jets

issuing from the following nozzles: clean coaxial, ar-

cuate, eccentric, and coaxial with vanes in the sec-

ondary stream. Focusing in the region near the end

of the potential core, de�ned here by the contour

u=Up = 0:9, we make the following observations.

For the clean coaxial jet, there is no indication of

a secondary layer. The secondary stream is fully

mixed with the primary 
ow well upstream of the

end of the primary potential core. The same holds

true in the arcuate case, even though the secondary

potential core is moderately longer than that of the

coaxial case. In the eccentric and de
ection cases,

however, there is a distinct layer of low-speed 
ow

on the underside of the jet. It is notable that, even

though the coaxial jet with vanes mixes slower than

the eccentric jet, the relative coverage of the pri-

mary 
ow by the secondary 
ow appears roughly

the same in both cases.

We now slice the velocity �eld on the y � z plane

passing through the end of the primary potential

core (x = Lp) for each of the 
ows of Fig. 3. Figure

4 shows iso-contour plots of u(Lp; y; z)=u(Lp; 0; 0).

The arcuate jet shows only minor asymmetry com-

pared to the coaxial case and there is no discernible

secondary layer. The eccentric and vane arrange-

ments show a substantial concentration of secondary

layer on the underside of the jet.

To determine the in
ection points, the second y�
derivative of the velocity pro�les was computed us-

ing a Savitzky-Golay smoothing �lter [9]. Figure

5 plots the loci of the in
ection points i1, i2, and

i3 corresponding to the mean 
ow surveys of Fig.

3. Using the concept of the generalized secondary

core (GSC) as per Fig. 1, we observe that the GSC

is very short for the coaxial and arcuate cases, and

very long for the eccentric and de
ected cases. In

fact, for the latter two cases the in
ection point i2

persists all the way to the end of the measurement

region. This is a dramatic change that cannot be

explained solely by the thickening of the secondary


ow near the nozzle exit. Fig. 6 plots the distribu-

tions up(x) and us(x) that de�ne the jet shear lay-

ers. As mentioned earlier, up(x) is the velocity along
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the jet centerline and us(x) is the velocity along the

in
ection point i2. In the coaxial case, us(x) decays

very rapidly past the end of the GSC. In the eccen-

tric and de
ected jets the decay of us(x) is much

more gradual and re
ects the long GSCs created in

those jets. The decay rate in the de
ected jet is

moderately faster than that in the eccentric case.

Using the convective Mach number model of Mu-

rakami and Papamoschou [8], the distributions

Mcp
(x) and Mcs

(x) are computed and plotted in

Fig. 7. It should be understood that, because the ex-

periments used air at room temperature, the convec-

tive Mach numbers calculated here are lower than

those in hot jets. However, the trends seen below

are expected to hold for hot jets with similar velocity

ratio as the cold jets. For the coaxial jet,Mcp
is very

low subsonic at the jet exit but rises rapidly past the

end of the GSC and reaches the peak value of 0.58 at

the axial location where the GSC ends (x=Dp=4).

O�setting the nozzles to an eccentric arrangement

reduces the maximum value ofMcp
on the underside

of the jet to 0.15. The very slow decay of us(x) cre-

ates a long distribution of Mcs
, starting from 0.32

at the nozzle exit and ending at 0.25 near the end

of the measurement region. This suggests that the

secondary layer now becomes the dominant noise

source. In the de
ected jet, the maximum value of

Mcp
is 0.25, higher than in the eccentric case, but

the distribution of Mcs
is shorter and its average

value is lower. The de
ected jet seems to achieve

a better balance between the distributions of Mcp

and Mcs
than does the eccentric jet. Of course this

depends on the tilt angle and other details of the

de
ection mechanism. Nevertheless, the de
ection

approach allows more degrees of freedom to manip-

ulate the distributions of Mcp
and Mcs

(not only

in the downward direction but also in the sideline

direction) for optimal noise reduction.

Acoustic Data

In this section we compare far-�eld acoustic spectra

in the direction of peak sound emission for selected

dual-stream jets issuing from the four nozzle shapes

considered in this study (coaxial, arcuate, eccen-

tric, and coaxial with vanes in the bypass stream).

For asymmetric cases, the spectra were measured on

the lower (quiet) hemisphere. Helium-air mixtures

were used to match the velocity and density of a

heated jet. Experiments were conducted in UCI's

Jet Aeroacoustics Facility, described in earlier pub-

lications [5].

The �rst comparison is between the coaxial and ar-

cuate jets. The 
ow conditions were Up = 600 m/s,

Us = 400 m/s, and B = 2:2. Figure 8(a) shows that

the arcuate jet is only slightly quieter the coaxial jet.

Recall that the GSC of the arcuate jet was moder-

ately longer than that of the coaxial jet but did not

reach the end of the primary potential core. (Fig.

5). Consequently, the region of strong noise sources

was not adequately covered by the secondary 
ow,

which explains why the arcuate jet was nearly as

loud as the coaxial jet.

We now turn to the eccentric and de
ected cases.

In the comparisons that follow, the 
ow conditions

were Up = 580 m/s, Us=360 m/s, and B = 1:8. As

seen in Figs. 8b and 8c, the eccentric and de
ected

jets produce substantial noise reduction relative to

the coaxial jet, with the de
ected jet having a dis-

tinct advantage. This is consistent with the long

secondary cores created in these cases, as observed

in Fig. 5. The advantage of the de
ected jet may

be attributed to the better balance of Mcp
and Mcs

than in the eccentric jet. The spectra of Fig. 8 exem-

plify the trends measured in many additional jets.

When the GSC reaches past the end of the primary

potential core, a substantial drop in large-scale noise

is observed. Otherwise, noise reduction is modest or

nil.

Mean Flow Model

In this section we attempt to distill the mean veloc-

ity data into simple, universal models for the veloc-

ity distributions up(x) and us(x) in coaxial, eccen-

tric, and de
ected jets. We do not consider arcu-

ate jets because they obviously have little acoustic

value. This exercise is no substitute for a full com-

putation or experimental survey. Instead, its intent

is to provide scaling laws that can be used as guid-

ance in predicting the acoustic bene�t of a jet. Cen-

tral to this e�ort is the use of the \classical" formula

for the growth rate of a fully-turbulent, planar shear

layer [11]. As we discuss the mean-
ow trends, we

will be developing equations that will be listed in the

latter part of this section. Even though all the test-

ing was done at static conditions, the expressions

will be generalized to 
ight conditions by assuming

that the trends observed at static conditions hold in

a frame of reference moving with velocity U1.
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Basic Trends

The �rst step is to seek the proper scaling for cor-

relating the axial velocity distributions. Figure 9

plots the distribution of up(x) in an absolute frame

of reference for all the cases of Table 3 except for

the arcuate jet. The large variations in these distri-

butions re
ect the variations in primary potential

core length, Lp, as well as the variations in mass


ow rate of the various jets. Earlier study of dual-

stream jets showed that the e�ect of variable mass


ow rate can be �ltered out by normalizing the ax-

ial coordinate by the mass-
ux-equivalent diameter,

Dm. The proper correlation parameter, therefore,

should be (x�Lp)=Dm, with Lp obtained from the

theoretical model of Eqs. 8-10. Figure 7 shows that

it does a fair job of collapsing the data. Importantly,

the slopes in the decaying region are all very close

to 0.1, that is:

d(Up=up)

d(x=Dm)
� 0:1

This allows us to construct the piecewise-linear

model of Eq. 11, which is overlaid on Fig. 10.

Construction of a model for us(x) (the velocity

along the in
ection point i2) is more challenging. As

shown in Fig. 11, when we plot us(x) in an absolute

frame of reference the trends are even more varied

than for the centerline velocity. It is apparent that

there is a substantial di�erence between the coaxial

distributions and the distributions for the eccentric

and de
ected jets. So it makes sense to look at each

type separately. Experimentation with various scal-

ing parameters showed that the best correlations are

obtained when the axial coordinate is normalized by

the area-equivalent diameter of the secondary 
ow,

Ds;eq. Also, we shift the frame of reference from x to

x�Ls, where Ls is the theoretical length of the sec-

ondary potential core (Eq. 6). Figure 12 plots the

distributions of us(x) for the coaxial cases using the

proper correlation parameter (x�Ls)=Ds;eq. There

is reasonable collapse of the plots, and all the plots

terminate one or two equivalent diameters past the

end of the secondary potential core. An elliptical

distribution, given by Eq. 14, simulates the rapid

decay of us(x) for x > Ls.

Figure 13 applies the same type of correlation to

the eccentric data. Here we observe a large di�er-

ence between cases that have velocity ratio Us=Up
around 0.7 and those with smaller velocity ratio.

The former ones exhibit a slow decay that can be ap-

proximated by the piecewise-linear model of Eq. 15.

The cases with low velocity ratio behave similarly to

the coaxial jets. Given that in civil turbofan engines

the velocity ratio is around 0.7, the cases highlighted

in Fig. 12 have the most practical relevance and are

emphasized here. One of the Us=Up = 0:67 cases

in Fig. 12 departs from the model at large values

of (x � Ls)=Ds;eq. This particular 
ow, E14R67,

has a thin co
ow annulus and very small value of

the bypass ratio (0.52), thus is not representative of

commercial turbofan engines. Finally, Fig. 14 plots

the distribution of us(x) for the de
ected jet. As

with the eccentric cases, a piecewise-linear model,

but with larger slope (faster decay), works reason-

ably well (Eq. 16).

Analytical Model

We now construct mathematical relations for the

trends observed in Figures 10, 12, 13 and 14, and

combine them with expressions for the lengths of the

primary and secondary potential cores. The analy-

sis presented here is based in large part on the work

of [6]. The reader should refer to it for more back-

ground. We start with the \classical" formula for

the growth rate of a fully-turbulent, planar shear

layer,

Æ
0(R;S;Mc;sym) = 0:14

(1�R)(1+
p
S)

1+R
p
S �

�
0:23 + 0:77 exp(�3:5M2

c;sym)
� (3)

where R is the velocity ratio, S is the density ra-

tio, and Mc;sym is the symmetric convective Mach

number. In developing relations for the primary

potential core length, two reference 
ows are im-

portant: the single jet and the co
owing jet (i.e., a

jet immersed in an in�nite co
owing stream). The

potential core length of the single jet is

Lsingle

Dp

=

�
Æ
0
�
0;
�1
�p

;
Up

ap + a1

���1
(4)

and the potential core length of the co
owing jet is

Lcoflowing

Dp

=

�
Æ
0
�
Us

Up
;
�s

�p
;
Up + Us

ap + as

���1
(5)

The length of the secondary potential core is

Ls

Dp

= 2:8
H

Dp

�
Lcoflowing=Dp

Æ0
s
Lcoflowing=Dp + 1

�
(6)

where

Æ
0
s
= Æ

0
�
U1
Up

;
�1
�s

;
Us � U1
as + a1

�
(7)
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and H is the exit thickness of the secondary stream.

Eqs. 6 and 7 apply to all the types of jets. Note

that, for the eccentric case, H is double that of the

corresponding coaxial case.

Primary potential core lengths

For coaxial jets, the basic idea is that the length of

the primary potential core core, Lp, lies somewhere

between the potential core length of the single jet,

Lsingle, and the potential core length of the co
owing

jet, Lcoflowing, by an amount dependent on the length

of the secondary potential core, Ls.

Lp

Lsingle

= 1 + tanh
�
2:8 Ls

Lcoflowing

�
��

Lcoflowing�Lsingle

Lsingle

� (8)

For the eccentric jet, experiments show that the

length of the primary core is roughly equal to that

of the single jet:

Lp = Lsingle (9)

In the case of the de
ected jet, the limited experi-

ments so far indicate that the primary potential core

is about 15% shorter than that of the coaxial case,

Lp

Lsingle

= 0:85
h
1 + tanh

�
2:8 Ls

Lcoflowing

�
��

Lcoflowing�Lsingle

Lsingle

�i (10)

Centerline velocity distribution

The centerline velocity distribution for all the jets

is captured by the model of Fig. 9:

(up(x)� U1)=(Up � U1) =

�
1; x � Lp

(1 + 0:1(x� Lp)=Dm)
�1
; x > Lp

(11)

where

Dm = Dp

p
1 +B (12)

is the mass-
ux-equivalent diameter.

Velocity distribution along i2

The velocity distribution along the in
ection point

i2 exhibits di�erent behavior for the various jet

types. For all jets, however, scaling based on the

area-equivalent diameter of the secondary stream

Ds;eq =

r
4As

�
(13)

produces the best collapse of the data. For coaxial

jets,

(us(x)� U1)=(Us � U1) =

8>><
>>:

1; x � Lsr
1�

�
x�Ls

2Ds;eq

�2
; Ls � x < Ls + 2Ds;eq

0 x > Ls + 2Ds;eq

(14)

For eccentric jets with velocity ratio Us=Up �0.7,

(us(x)� U1)=(Us � U1) =

�
1; x � Ls

(1 + 0:05(x� Ls)=Ds;eq)
�1
; x > Ls

(15)

For jets with de
ection of the bypass stream,

(us(x) � U1)=(Us � U1) =

�
1; x � Ls

(1 + 0:1(x� Ls)=Ds;eq)
�1
; x > Ls

(16)

Equations 8-16 allow evaluation of the axial distri-

butions of the velocities de�ning the primary and

secondary shear layers for the various jet types. The

corresponding values of speed of sound and Mach

number are obtained by assuming that the mean

total temperature, T0, obeys the Crocco-Busemann

relation

T0(x) =
T0eui � T0iue

ui � ue
+
T0i � T0e

ui � ue
u(x) (17)

where subscripts i and e represent the initial and

�nal conditions, respectively, of each axial distribu-

tion.

Convective Mach number

Prediction of the convective Mach number is based

on the empirical formulae proposed by Murakami

& Papamoschou [8]. Considering a shear layer be-

tween a fast stream (1) and a slow stream (2), the

convective Mach number of eddies relative to the

slow stream is

Mc =Mc;sym +
dp

1 + (a2=a1)2
(18)

where

Mc;sym =
u1 � u2

a1 + a2
; (19)

and

d =

�
1:25 lnMc;sym + 1:11 ;Mc;sym > 0:41

0 ;Mc;sym � 0:41

(20)
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Application to Turbofan Exhaust

It is instructive to apply the above model to a 
ow

of practical signi�cance. We consider a turbofan

engine with bypass ratio B = 5 at the following

exhaust conditions: Mp = 0:90, Up = 460 m/s,

Ms = 0:95, and Us = 335 m/s. Figure 15 plots the

convective Mach number distributions on the under-

side of coaxial, eccentric, and de
ected exhausts at

static condition. In the coaxial case, the secondary

potential core is 50% shorter than the primary po-

tential core. Because the velocity us decays very

fast past the end of the secondary potential core, a

large portion of the primary potential core is \ex-

posed" to the ambient. Consequently, the primary

convective Mach number Mcp
reaches high values,

around 0.85, near the end of the primary potential

core.

With an eccentric nozzle, the generalized secondary

core (GSC) is very long and, as a result, Mcp
is

very low throughout the jet. The distribution of

Mcs
is correspondingly long and at relatively high

levels, ranging from 0.6 at the jet exit to 0.4 at

x=Dp = 30. This suggests that the secondary 
ow

becomes the dominant noise generator. In the case

of the de
ected jet, near the end of the primary

potential core Mcs
and Mcp

reach about the same

value. From an average standpoint, over the �rst 30

diameters, the de
ected jet achieves the lowest val-

ues of convective Mach numbers. Figure 16 makes

the same comparisons at forward 
ight. There is an

overall reduction in the levels of convective Mach

numbers. Also, both the primary and secondary

potential cores elongate relative to the static case,

with the secondary potential core elongating the fur-

thest. The trends are the same as in the static case.

Again, the de
ected jet achieves the lowest average

convective Mach number.

Concluding Remarks

This work introduces the concept of a generalized

secondary core (GSC) for a dual-stream jet, de�ned

by the in
ection points of the velocity pro�le as per

Fig. 1. In a coaxial or arcuate jet, the length of the

GSC roughly equals that of the secondary potential

core. In eccentric and de
ected jets (coaxial jets

where the secondary plume is tilted relative to the

primary plume), the GSC is much longer than the

secondary potential core. As a result, a long sec-

ondary shear layer is formed that reduces the pri-

mary convective Mach number throughout the dom-

inant noise source region. It is important to realize

that the GSC does not contain only secondary 
uid.

In fact, it may be irrelevant what the composition

of the 
ow is. The important thing is to generate

the three in
ection points as illustrated in Fig. 1.

Several past studies have identi�ed the end of the

primary potential core, x = Lp, as the region of

strong noise generation [13, 12]. The experiments

of this study indicate that when the GSC is shorter

than Lp noise reduction is modest or nil, whereas

when the GSC is longer than Lp noise reduction

is substantial. This observation can be used as a

rule of thumb in predicting the acoustic bene�t of a

nozzle arrangement

The mean 
ow trends measured experimentally

have been distilled into a simple model for predict-

ing the convective Mach number distributions. This

model can be used for further guidance in assessing

the noise reduction potential of various jet con�g-

urations. Currently one can examine the average

value ofMc within a certain distance, say in the �rst

twenty jet diameters. In that sense, the de
ected jet

achieves the lowest average Mach number. It also

achieves the best noise reduction. A lot of addi-

tional work remains to be done before arriving at a

reasonably complete model of noise reduction. The

average convective Mach number is too simplistic

a metric. Additional factors include the amplitude

(size) distribution of the eddies, the thickness of the

GSC, and the non-uniformity of the velocity distri-

bution within the GSC.
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Table 1: Nozzle Con�gurations

Nozzle Ds=Dp As=Ap Con�guration

A18 1.78 1.40 Arcuate

C14 1.40 0.90 Coaxial

C16 1.58 1.40 Coaxial

C17 1.70 1.80 Coaxial

C20 2.00 2.90 Coaxial

E14 1.40 0.90 Eccentric

E16 1.58 1.40 Eccentric

E17 1.70 1.80 Eccentric

V16 1.58 1.40 Vanes

Table 2: Flow Conditions

Case Mp Up Ms Us Us=Up

(m/s) (m/s)

Single 1.50 430 0 0 0.00

R30 1.50 430 0.37 130 0.30

R49 1.50 430 0.60 210 0.49

R67 1.50 430 0.90 290 0.67

R71 1.00 310 0.66 220 0.71

Table 3: Combinations tested

Case _ms= _mp

Single 0.00

A18R71 1.00

C16R71 1.00

E16R71 1.00

V16R71 1.00

C14R30 0.20

C14R49 0.33

C14R67 0.52

C17R30 0.39

C17R49 0.65

C17R67 1.02

C20R30 0.62

C20R49 1.03

C20R67 1.62

E14R30 0.20

E14R49 0.33

E14R67 0.52

E17R30 0.39

E17R49 0.65

E17R67 1.02
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Fig.1 Basic elements of the mean 
ow in a dual-

stream jet.

x
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y

z

Fig.2 Nozzles used in the mean velocity surveys.

(a) coaxial; (b) arcuate; (c) eccentric; (d) coaxial

with vanes in the bypass stream. The coordinate

system used in the mean 
ow surveys is shown.
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Fig.3 Isocontours of u(x; y; 0)=Up for the follow-

ing jets : (a) coaxial (C16R71); (b) arcuate

(A18R71); (c) eccentric (E16R71); (d) coaxial

with vanes (V16R71).
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Fig.4 Isocontours of u(Lp; y; z)=u(Lp; 0; 0) for the

following jets: (a) coaxial (C16R71); (b) arcu-

ate (A18R71); (c) eccentric (E16R71); (d) coax-

ial with vanes (V16R71). Levels range from 0.2

to 0.9 in increments of 0.1
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Fig.5 Locus of in
ection points for the follow-

ing jets: (a) coaxial (C16R71); (b) arcuate

(A18R71); (c) eccentric (E16R71); (d) coaxial

with vanes (V16R71).
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Fig.6 Distribution of velocities de�ning the

primary and secondary shear layers for the

jets of Fig. 3. (a) Coaxial jet (C16R71);

(b) underside of arcuate jet (A18R71); (c)

underside of eccenttric jet (E16R71); and

(d) underside of coaxial jet with vanes in

bypass stream (V16R71).
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Fig.7 Distribution of convective Mach num-

bers corresponding to the velocity distribu-

tions of Fig. 6. (a) Coaxial jet (C16R71);

(b) underside of arcuate jet (A18R71); (c)

underside of eccenttric jet (E16R71); and

(d) underside of coaxial jet with vanes in

bypass stream (V16R71).

(a)

(b)

(c)

40

50

60

70

80

90

1 10 100
Frequency (kHz)

SP
L

(d
B

/H
z)

Coaxial

Arcuate

40

50

60

70

80

90

1 10 100
Frequency (kHz)

S
P

L
(d

B
/H

z)

Coaxial
Eccentric

40

50

60

70

80

90

1 10 100
Frequency (kHz)

S
P

L
(d

B
/H

z)

Coaxial
Vanes
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emission, with comparison to equivalent

coaxial case. (a) Arcuate; (b) eccentric; (c)

coaxial with vanes in bypass stream.
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dotted lines: eccentric; dash-dotted line:

vanes.
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Fig.12 Axial distribution of the reciprocal

of the velocity along i2, us(x), in the proper

frame of reference. Coaxial cases only.
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Fig.14 Axial distribution of the reciprocal

of the velocity along i2, us(x), in the proper

frame of reference. Coaxial jet with vanes

in bypass stream (V16R71).
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Fig.15 Prediction of convective Mach num-

ber distributions for jet from modern tur-

bofan engine at static conditions. (a) Coax-

ial; (b) eccentric; (c) coaxial with vanes in

bypass stream. Arrow indicates end of pri-

mary potential core.
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Fig.16 Prediction of convective Mach num-

ber distributions for jet from modern tur-

bofan engine at M1 = 0:3. (a) Coaxial; (b)
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potential core.
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