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We present experimental results on mean ow development and mixing layer characteristics of

single and dual-stream compressible air jets. The results are relevant to noise emission and mixing

enhancement of high-speed turbulent jets. In the dual-stream jets, the primary ow was �xed

at Mach number 1.5 and the secondary stream was supplied at various subsonic Mach numbers

and from a variety of nozzles. Coaxial and eccentric nozzle con�gurations were investigated. In

the coaxial arrangements, the secondary ow reduces the growth rate of the primary shear layer

and elongates the primary potential core and the supersonic region of the jet. As a result, the

entrainment rate of the coaxial jet is less than that of the single jet. The potential core length

increases by as much as 68% when a thick secondary stream is supplied at Mach number 0.9. The

eccentric con�guration shows substantial improvement in mixing over the coaxial case and achieves

an entrainment rate comparable to that of the single jet when the thickness of the secondary ow is

relatively small. In the eccentric case, the maximum observed elongation of the primary potential

core was 20% relative to the single jet case. An empirical model for predicting the primary and

secondary potential core lengths of a coaxial jet is proposed.

INTRODUCTION

Motivation

Noise radiated from supersonic jets is a serious en-

vironmental problem whose solution has challenged

engineers and scientists for more than four decades.

A review of various silencing techniques for high-

speed jets can be found in Seiner and Kresza [1].

Recents works have called attention to the substan-

tial noise reduction achievable by utilizing a sec-

ondary stream to reduce noise production from the

primary ow. Example is the Mach Wave Elimi-

nation (MWE) technique, where a secondary ow

prevents formation of Mach waves from the primary

jet [2]. Key elements of successful implementation
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of MWE are the length of the Mach wave emitting

region of the jet and the ability of the secondary

ow to cover that region. If coverage is incomplete,

substantial Mach wave emission still occurs. In the

initial implementations of MWE, the secondary ow

was supplied by an annular nozzle around the pri-

mary jet. A major drawback of the coaxial arrange-

ment is that the secondary ow reduces the growth

rate of the primary jet, hence lengthens the Mach

wave emitting region of the jet. As a result, thick

secondary ows were required to cover the dominant

noise-source region and achieve appreciable noise re-

duction. This drawback was circumvented by sup-

plying the secondary ow from an eccentric nozzle

[3]. The eccentric arrangement yielded a growth rate

comparable to that of the single jet and directed the

bene�t of the secondary ow in the downward direc-

tion, which is most pertinent to community noise.

Figure 1 shows Mach wave emission from a single jet,

a coaxial jet, and an eccentric jet, all of them shar-

ing the same primary ow and the latter two shar-

ing the same secondary-ow velocity, Mach number,
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and mass ow rate. Application of an annular sec-

ondary ow eliminates the near-�eld Mach waves

but some far-�eld Mach waves are still present. In

the eccentric case, the lower hemisphere is devoid

of Mach waves, while radiation is unaltered in the

upper hemisphere. The resulting downward noise

reduction is vastly superior to that obtained by the

equivalent coaxial arrangement, as illustrated by the

spectra of Fig. 2.

Although the immediate motivation for this work is

re�nement of the MWE method, our study is generic

enough to impact mixing and noise emission from a

wide variety of high-speed, dual-stream jets. Our

fundamental interest is the e�ect of the secondary

ow on the development of the primary ow in coax-

ial and eccentric nozzles. Speci�cally, we study the

shear layer growth rate, the length of the potential

core, and the extent of the supersonic region of the

jet. The region around the primary potential core is

the region of the dominant noise sources [4]. Know-

ing how this region scales with ow parameters is

extremely important for noise prediction.

Dual-stream jets, especially in coaxial con�gura-

tions, are found in a large variety of practical de-

vices such as engine exhausts and fuel injectors.

Early works on coaxial jets were motivated mainly

by applications in combustion and aircraft propul-

sion. Forstall and Shapiro [5] conducted an experi-

mental investigation on mass and momentum trans-

fer between the two streams of a coowing jet with

very large secondary ows. They determined that

the velocity ratio of the primary to secondary stream

is the principal variable determining the shape of the

mixing region. An empirical relation for the length

of the primary potential core was proposed. Other

works in subsonic, axisymmetric, turbulent coaxial

jets have studied the near-�eld region at various ve-

locity ratios. Ko and Kwan [6], Champagne and

Wygnanski [7], Durao and Whitelaw [8], and Glad-

nick et al. [9] investigated the development of the

ow �eld and its approach to a self-preserving state.

These studies conclude that the instability and ow

development depend on the velocity and density ra-

tios across the shear layers. Williams et al. [10]

investigated the ow structure and acoustics of sub-

sonic coaxial jets and suggested a method of predict-

ing the noise attenuation when the jet is surrounded

by an annular ow of variable velocity.

Only a handful of investigations have encompassed

coaxial jets with a supersonic primary ow. Eggers

and Torrence [11] obtained data on turbulent mixing

for a supersonic coaxial air jet with the secondary

(a)

(b)

(c)

Fig.1 Spark schlieren images of Mach wave radiation from a

jet with Mach number 1.5 and velocity 700 m/s. (a) Single

jet; (b) jet surrounded by an annular coow with velocity

of 350 m/s; (c) jet surrounded by an eccentric coow with

velocity of 350 m/s [3].
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Fig.2 Far �eld noise spectra in the direction of peak down-

ward emission for the single, coaxial, and eccentric jets

shown in Fig. 1
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Fig.3 Coaxial jet con�guration.

stream having a larger velocity than the primary

stream (inverted velocity pro�le). Schadow et al.

[12] made spreading rate measurements in a coax-

ial jet with normal velocity pro�le and determined

that the e�ect of compressibility on the growth rate

was very similar to that measured in planar shear

layers. Although these studies provide useful insight

into the ow characteristics of coaxial jets, there has

been no systematic study on the e�ects of velocity,

Mach number, and thickness of the secondary ow

on the mean ow development of coaxial jets. The

primary objective of our study is to develop scaling

laws for the extent of the noise-source region of sin-

gle and dual-stream, high-speed jets. It was deemed

important to include not only the conventional coax-

ial arrangement but also the eccentric arrangement

which proved so bene�cial in reducing Mach wave

emission. We chose cold air jets because of the ease

by which one can compute velocity and density pro-

�les from pitot pressure surveys. However, the mod-

els proposed here are general enough to be used with

hot or variable-composition jets.

Planar shear layer model

The near �eld of a dual-stream jet consists of two

shear layers, one between the primary and secondary

ows, and the other between the secondary ow and

the ambient air, as illustrated in Fig. 3. Each shear

layer is similar to a planar shear layer as long as

the thickness is small compared to the radius of the

potential core that it surrounds. It is thus important

to review the planar shear layer relations because

they will prove very helpful in developing models for

the potential core lengths of the coaxial jet.

Considering a shear layer between a fast and a slow

stream, its growth rate can be expressed as [13]

Æ0 = Æ00(r; s)f(Mc) (1)

where

Æ00 = C
(1� r)(1 +

p
s)

1 + r
p
s

(2)

is the growth rate of the equivalent incompressible

shear layer, with r = U
slow

=U
fast

, s = �
slow

=�
fast

and C a constant that depends on the de�nition of

layer thickness. f(Mc) is a compressibility correc-

tion based on the convective Mach number

Mc =
U
fast
� U

slow

a
fast

+ a
slow

(3)

A curve �t through the growth rate data of vari-

ous investigations [13, 14, 15, 16] gives the following
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Fig.4 Nozzle con�gurations used in present study.

approximation of the compressibilty correction:

Æ0

Æ00
= f(Mc) = 0:23 + 0:77e�3:5M

2

c (4)

which describes the stabilizing e�ect of convective

Mach number on the growth rate. For the growth

rate of the pitot thickness (see Fig. 5), Papamoschou

and Roshko [13] determined the constant in Eq. 2 to

be C = 0:14.

EXPERIMENTAL PROGRAM

Experiments were conducted in an a dual-stream jet

facility described in several earlier publications [2, 3].

Figure 4 shows the nozzle arrangements used in this

study. Coaxial and and eccentric nozzle con�gura-

tions were derived from the same assembly, with

the eccentric jet having the inner nozzle o�set to

touch the outer nozzle. Air at room reservoir con-

ditions was supplied to the primary and secondary

nozzles. The primary (inner) nozzle of exit diam-

eter Dp = 12:7 mm was designed by the method

of characteristics for Mach number 1.5. The jet

Reynolds number was 550,000. Three conical sec-

ondary (outer) nozzles were used, with exit diam-

eters Dp = 17.8, 21.6 and 25.4 mm. The primary

jet was perfectly expanded and the surrounding air

was at ambient, still conditions. The secondary ow

was naturally pressure-matched at subsonic condi-

tions. Nozzle con�gurations and ow conditions are

summarized in Tables 1 and 2. Table 3 lists the

mass ow ratio _ms= _mp and thrust ratio Fs=Fp for

each ow-nozzle combination. For ease of reference

we use a labeling system that describes the size and

shape of the secondary nozzle and the Mach num-

ber of the secondary ow. Coaxial nozzles are de-

noted by Cxx and eccentric nozzles by Exx, where
xx = 10 � Ds=Dp. The secondary ow is denoted

by Myy, where yy = 100�Ms. Case C20M37, for

example, describes the coaxial jet with Mach 0.37

secondary ow exhausting from a coaxial arrange-

ment with Ds=Dp = 2:0. Case E17M90 has a Mach

0.9 secondary stream supplied through an eccentric

con�guration with Ds=Dp = 1:7. The single Mach

1.5 jet is denoted SINGLE.

Table 1 Nozzle Con�gurations

Nozzle Ds=Dp Con�guration

C14 1.4 Coaxial

C17 1.7 Coaxial

C20 2.0 Coaxial

E14 1.4 Eccentric

E17 2.0 Eccentric

Table 2 Flow conditions

Case Mp Up

�p

�1
Ms Us

�s

�1

(m/s) (m/s)

SINGLE 1.5 430 1.45 0 0 1.00

M37 1.5 430 1.45 0.37 130 1.03

M60 1.5 430 1.45 0.60 210 1.07

M90 1.5 430 1.45 0.90 290 1.16

Table 3 Mass Flow Rate and

Thrust Ratios

Case _ms= _mp Fs=Fp

C14M37, E14M37 0.20 0.06

C14M60, E14M60 0.33 0.15

C14M90, E14M90 0.52 0.35

C17M37, E17M40 0.39 0.11

C17M60, E17M60 0.65 0.30

C17M90, E17M90 1.02 0.69

C20M37 0.62 0.18

C20M60 1.03 0.48

C20M90 1.62 1.09

Pressure transducers recorded the total pressures of

the primary and secondary streams. Pitot probe
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Fig.5 De�nition of shear layer pitot thickness.

surveys were conducted at various downstream posi-

tions from the jet exit. The inlet of the pitot probe

was attened to an opening 0.25 mm high and 2.0

mm wide, giving a spatial resolution of about 0.25

mm. The probe was mounted on a carriage that

traversed the jet plume at a controlled speed which

ranged from 6 mm/s to 14 mm/s. The probe was

connected to a pressure transducer (Setra Model

280) which was also mounted on the carriage to min-

imize the tubing length between the probe and the

transducer. This arrangement reduced the response

time of the probe-transducer low enough to resolve

sharp gradients in the pitot pressure near the noz-

zle exit. Mach number, velocity, and density pro�les

were extracted from the pitot-pressure pro�les under

the assumptions of constant static pressure (equal to

ambient) and constant total temperature (equal to

room temperature). Pitot pressures as a function of

radial position from the jet centerline were obtained

at streamwise locations from x=Dp = 0 to 20. For

the coaxial jets, it was suÆcient to obtain pro�les

on a single plane passing through the jet axis. For

the eccentric con�gurations, pro�les were obtained

on the azimuthal planes � = 0Æ; 23Æ; 45Æ; 68Æ, and
90Æ. These intervals were �ne enough to allow accu-

rate interpolation for intermediate values of � and to

thus obtain the entire jet ow�eld. The shear layer

pitot thickness, Æ0, is the width of the pitot pressure

pro�le from 5% to 95% of the di�erence in the free-

stream values. This de�nition is illustrated in Fig.

5.

RESULTS AND DISCUSSION

Mean Flow Characteristics

Figure 6 presents the evolution of velocity pro�les for

the single jet. The primary potential core is outlined

with dashed lines; its length is de�ned here as the

distance from the jet exit to the location where the

centerline velocity decays to 90% of the primary jet

exit velocity. This de�nition applies to all the cases

presented in this paper. For the single Mach 1.5 air

jet, the potential core length is 9.2 jet diameters, or

Lp=Dp = 9:2. Table 4 lists the measured potential

core lengths and supersonic lengths, to be de�ned

below, for all the cases covered.

Figure 7 presents the velocity pro�les of coaxial jets

with secondary ow issuing from nozzle C20. The

presence of a secondary potential core is evident in

the �gures. The secondary potential core length is

the distance from the jet exit to the location where

the at feature of the velocity pro�le, corresponding

to the core of the secondary stream, can no longer

be observed. The centerline velocity decays at an in-

creasingly slower rate as the secondaryMach number

increases. As a result, the primary potential core

is elongated substantially relative to the SINGLE

case. With Ms = 0:9, the potential core reaches

Lp=Dp = 15:5, a 68% increase from the SINGLE

case. The plots in Fig. 8 compare the velocity pro-

�les of coaxial jets with the same secondary ow

(Ms = 0:9) exhausting from secondary nozzles of

di�erent sizes. It is observed that the length of the

primary potential core increases with thickness of

the secondary ow.

When the secondary stream issues from an eccen-

tric nozzle, the results are quite di�erent from those

of the coaxial con�gurations. Figure 9 shows veloc-

ity pro�les surveyed on the azimuthal plane � = 0Æ.

Compared to the coaxial case, the secondary ow on

the lower side of the jet has twice the thickness and

thus has a secondary potential core that is twice as

long. The primary potential core length is shorter

than in the coaxial case, and a minimal amount of

lengthening is evident relative to the SINGLE case.

For example, in the coaxial case C14M90, the po-

tential core length was increased by 36% relative to

the SINGLE case. With the corresponding eccen-

tric con�guration E14M90, the potential core length

increases by only 10%. Similarly, the increase in pri-

mary potential core length with addition of the sec-

ondary stream in C17M90 is 64% whereas E17M90

yields a 18% increase.
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Fig.6 Normalized velocity pro�les for case SINGLE.

6



-3

-2

-1

0

1

2

3
(a)

10

20151050

u/U
p

x/D
p

r/D
p

-3

-2

-1

0

1

2

3
(b)

10

20151050

u/U
p

x/D
p

r/D
p

Fig.7 Normalized velocity pro�les for coaxial jet cases (a) C20M37 and (b) C20M90.
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Fig.10 De�nition of supersonic length L�.
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Fig.11 Sonic lines for SINGLE and coaxial jets with nozzle

C20.

Besides the potential core, a region of relevance to

high-speed jet noise is the extent of the ow that

has supersonic motion relative to the surrounding

medium, de�ned by u=a1 > 1. The supersonic re-

gion contains intense noise sources [4] such as Mach

waves and, in the case of imperfectly-expanded jets,

screech/broadband shock noise. To locate the super-

sonic region we trace the location of the sonic line

u=a1 = 1:0 which separates the supersonic region

from the subsonic one, as illustrated in Fig. 10. The

length of the supersonic region is denoted by L�.
Sonic line contours are plotted in Fig. 11 for coax-

ial jets with the C20 secondary nozzle. It is seen

that the supersonic region elongates with increas-

ing secondary-owMach number. Figure 12(a) com-

pares the sonic lines of the coaxial case C14M90, the

eccentric case E14M90, and the SINGLE case. The

coaxial jet has a supersonic region 31% longer than

that of the SINGLE jet. In contrast, the supersonic

region of the eccentric jet is only 6% longer than the

supersonic region of the SINGLE jet. Similar trends

are observed in the comparison of C17M90, E17M90,

and SINGLE, shown in Fig. 12(b).

Comparing the supersonic lengths with the potential

(a)
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Fig.12 Sonic lines for coaxial and eccentric jets with

comparison to SINGLE. (a) C14M90 and E14M90; (b)

C17M90 and E17M90.
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core lengths listed in Table 4, we note that the two

are roughly proportional, L�=Lp � 1:2. This ratio is
close to the ratio Up=a1=1.24, which suggests the

relation L�=Lp � Up=a1 for supersonic jets. At this

point this is a preliminary observation that needs

validation in higher- and lower-speed supersonic jets.

Table 4 Potential Core Lengths and Sonic

Lengths

Case Ls=Dp Lp=Dp L�=Dp L�=Lp

SINGLE 9.2 11.3 1.23

C14M37 1.5 10.5 12.4 1.18

C14M60 2.0 11.4 13.5 1.18

C14M90 2.5 12.5 14.8 1.18

C17M37 3.0 11.4 13.4 1.18

C17M60 3.5 13.3 15.6 1.17

C17M90 4.0 15.1 17.4 1.15

C20M37 3.5 12.3 14.5 1.18

C20M60 4.5 13.8 16.4 1.19

C20M90 5.5 15.5 18.5 1.19

E14M37 2.5 9.8 11.5 1.17

E14M60 4.0 9.9 12.0 1.21

E14M90 5.5 10.1 12.0 1.19

E17M37 6.0 10.4 12.2 1.17

E17M60 7.0 10.7 12.7 1.19

E17M90 8.0 10.9 13.0 1.19

Mixing Characteristics

A quantitative measure of mixing is the mass ow

rate of the jet plume

_m =

Z
A

�udA (5)

The mass ow rate was calculated from the velocity

and density pro�les obtained at each downstream

station. In theory, integration should be performed

over a very large area at the edges of which the ve-

locity is practically zero. Since velocity pro�les were

available for a �nite radial distance from the jet, the

mass ow rate was obtained by carrying out the inte-

gration to a radial location at which the momentum

ux (which is invariant in a zero-pressure-gradient

jet) was 99% of the nozzle exit value. In other words,

the integration area A was such that

Z
A

�u2dA = 0:99F (6)

where F is the total thrust measured at the nozzle

exit.
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Fig.13 Normalized mass ow rates for jets with secondary ow

conditions (a) M37; (b) M60; and (c) M90.
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The mass ow rate was normalized by the nozzle exit

value, _m0, to obtain a measure of the entrainment

rate of the jet. Figures 13(a), (b), and (c) plot _m= _m0

versus axial distance for the ows M40, M60, and

M90, respectively. Each plot also includes the mass

ow rate of the SINGLE jet for comparison. The

slight dip of the normalized ow rate near the noz-

zle exit is probably due to pressure non-uniformity

which is not included in our calculation of mass ow

rate and momentum ux.

For the coaxial con�gurations it is evident that in-

creasing the secondary Mach number and/or in-

creasing the size of the secondary nozzle results in a

lower entrainment rate. When the same ow condi-

tions are exhausted through an eccentric nozzle con-

�guration, the entrainment rate increases relative to

the coaxial con�guration. This increase is substan-

tial for the smaller eccentric nozzle E14, with the

mass ow rates reaching values close to those of the

single jet. With the larger nozzle E17, however, the

increase relative to the coaxial con�guration is mod-

erate. It is interesting to note a strange occurrence

with nozzle E17. The normalized mass ow rate in-

creases rapidly with downstream distance and sud-

denly drops and assumes a slower growth rate that is

close to the that of the coaxial case. This transition

is more exaggerated with secondary ow M37 and

occurs in each case before the end of the primary

potential core.

By comparing coaxial cases with same secondary

nozzles, it is noted that the largest entrainment rate

occurs for the lowest secondary-ow Mach number.

The growth rate of the primary jet is a�ected pri-

marily by the velocity ratio Up=Us. Compressibility

and density ratio also play signi�cant roles but not

as dominant as that of the velocity ratio. This trend,

therefore, is not surprising.

Growth Rates

The growth rates of the primary and secondary shear

layers, Æ0
p
and Æ0

s
, were measured in the near �eld of

the jet. They are based on the pitot thickness de-

�ned in Fig. 5 and their values are listed in Table 5.

The growth rate was determined from at least three

pitot thickness data beginning from the upstream-

most survey location, not including the one at the

jet exit, to a location before the end of the sec-

ondary potential core. Typically, pitot pro�les were

obtained at x=Dp = 0; 1; 2; :::. For cases in which a

short secondary potential was expected, particularly

with nozzle C14, pro�les were obtained at interme-

diate positions x=Dp = 0:25; 0:5; 0:75; :::. For a fully

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

f(M
c
)=0.23 + 0.77exp(-3.5*M

c
2)

C17
C20
C14

C14

C17

C20

C20

C14
C17

C14
C20

C17

C20
C17

C14

C17
C20

C14 SINGLE
M40, Primary
M60, Primary
M90, Primary
M40, Secondary
M60, Secondary
M90, Secondary
Growth Rate Model

δ'/ δ'
0

M
c

Fig.14 Normalized growth rates of the coaxial jet shear layers

versus convective Mach number.

turbulent shear layer, the thickness grows linearly

with downstream distance. The growth rate was

obtained from a linear least-squares �t through the

pitot thickness data at the aforementioned stream-

wise locations.

Table 5 shows that the growth rate of the primary

shear layer is suppressed with addition of the sec-

ondary ow, a trend expected due to the increase

of the velocity ratio Us=Up (decrease of the veloc-

ity di�erence) across this shear layer. At this point,

we note a signi�cant di�erence between the primary

shear layer of a coaxial jet (where the secondary ow

issues from an annular nozzle) from the shear layer

of a single jet or the primary shear layer of \coow-

ing" jet, i.e., a jet surrounded by a very large sec-

ondary ow (such as a jet issuing inside a wind tun-

nel). In the coaxial case, the stream surrounding

the primary shear layer is bounded by another shear

layer (the secondary one) which exhibits instability

and growth. In the single and coowing cases, the

outer stream is steady and virtually \unbounded".

In other words, the primary shear layer of the coax-

ial case is not surrounded by \clean" conditions as

in the single or coowing jet. The same observa-

tion applies to the secondary shear layer whose in-

ner stream is bounded by the unstable primary shear

layer. Therefore, one expects to see some deviation

in the growth rates Æ0
p
and Æ0

s
from those expected in

the clean planar or axisymmetric cases.

It was of interest, therefore, to compare the growth
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rates measured in our coaxial jets to the those pre-

dicted by the shear layer model described in the

Introduction. One way of doing this is to com-

pute the normalized growth rate Æ0=Æ0
0
and com-

pare it to the compressibility correction curve of Eq.

4. This is done in Fig. 14 where we note the de-

cline of the primary normalized growth rate with in-

creasing Mc, consistent with the planar shear layer

model, but also observe deviations from that model.

The most signi�cant deviation occurs for the lower-

compressibility ow M90 whose growth rate is 20%

to 40% higher than the model prediction, depending

on nozzle diameter. The deviation is reduced with

increasing secondary nozzle diameter, which sug-

gests that the jet approaches the state of a \coow-

ing jet" that should be described well by the model.

The secondary shear layer growth rates are lower

than the model predictions and do not display a

clear trend with increasing compressibility, although

the range of Mc for the secondary shear layer was

limited. Note that the measured shear layer growth

rate for the SINGLE jet matches well the model pre-

diction. These results suggest that accurate growth

rate models for coaxial jets need to incorporate the

interactions between the shear layers.

Model for the Potential Core Length

In this section we distill our data into models for

the lengths of the primary and secondary potential

cores of a coaxial jet. We start from two simple,

clean ows: (a) the single jet and (b) the coowing

jet with primary ow same as the single jet and sur-

rounded by a very large secondary ow. See Figs.

15(a) and (b). In both cases, the jet shear layer is

surrounded by steady, well de�ned conditions and

its growth rate should be well approximated by the

planar shear layer model. Moreover, the growth rate

is expected to be constant from the jet exit to just

before the end of the potential core. It is reason-

able, therefore, to approximate the potential core

length as Lp=Dp � 1=Æ0 and use the growth rate

model described in Eqs. 1 through 4 to predict Æ0.
Based on the growth rate and potential core length

of case SINGLE, the constant of proportionality in

the above relation is very close to 1.0. Therefore, we

write Lp=Dp = 1=Æ0, where Æ0 is the pitot thickness
growth rate. Speci�cally, the potential core length

of the single jet is

L
SINGLE

Dp

=
1

Æ0
SINGLE

=
h
0:14(1 +

p
s)(0:23 + 0:77e�3:5M

2

c )
i
�1

(7)

� � � � � � 	 , � � � 2 � �

� ! � � � � ) � � * � 	 , � 2 � �

� � � � � � � 3 � � � � 2 � �

� � � " 4 � �

� � � 5 � � 6 � " 4

� �

� �

� $ � � " 4 � �

� $ � � 5 � � 6 � " 4

Fig.15 Potential core development in (a) single jet; (b) coow-

ing jet; and (c) coaxial jet.

where s = �p=�1 and Mc = Up=(ap + a1). The

potential core length of the coowing jet is

L
COFLOWING

Dp

=
1

Æ0
COFLOWING

=

�
0:14

(1� r)(1 +
p
s)

1 + r
p
s

(0:23 + 0:77e�3:5M
2

c )

��1

(8)

where r = Us=Up, s = �s=�p, and Mc = (Up +

Us)=(ap + as).

In the coaxial jet, Fig. 15(c), the secondary potential

core is formed between the outer edge of the primary

shear layer and the inner edge of the secondary shear

layer. Its length is expected to be inversely propor-

tional to the average growth rate of the surrounding

shear layers,
Ls

H
�

2

(Æ0
p
+ Æ0

s
)

(9)

where H is the thickness of the secondary stream,

Æ0
p
� Æ0

COFLOWING
is given by Eq. 8, and Æ0

s
is given by

Æ0
s
= 0:14(1 +

p
s)(0:23 + 0:77e�3:5M

2

c ) (10)
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Table 5 Growth Rates

Case Mcp
Æ0
p

Æ0
p
=Æ0

p;0
Mcs

Æ0
s

Æ0
s
=Æ0

s;0

SINGLE 0.68 0.106 0.414

C14M37 0.48 0.067 0.456 0.18 0.150 0.539

C14M60 0.37 0.062 0.623 0.29 0.119 0.432

C14M90 0.23 0.071 1.318 0.43 0.146 0.541

C17M37 0.48 0.087 0.592 0.18 0.148 0.532

C17M60 0.37 0.071 0.714 0.29 0.136 0.494

C17M90 0.23 0.063 1.170 0.43 0.117 0.445

C20M37 0.48 0.078 0.518 0.18 0.125 0.449

C20M60 0.37 0.067 0.673 0.29 0.152 0.552

C20M90 0.23 0.065 1.112 0.43 0.135 0.500

! � �

� $ � � 5 � � 6 � " 4 . 7

� � . 7

� �

� $ � � " 4 � � . 7

�

Fig.16 Geometric argument for the length of the primary po-

tential core of a coaxial jet. Thick line describes the inner

edge of the shear layer surrounding the potential core.

with Mc = Us=(as + a1) and s = �s=�1. The pro-

portionality constant of Eq. 9 was determined from

the plot of Fig. 17 which presents the measured val-

ues of Ls=H plotted against the inverse of the sum

of the model growth rates. A least-squares �t of the

data yields

Ls

H
=

2:63

(Æ0
COFLOWING

+ Æ0
s
)

(11)

This model predicts the secondary potential core

lengths within 10% of their measured values.

Consider now a coaxial jet with secondary potential

core shorter than the primary potential core. Ini-

tially, the growth rate of the primary shear layer

is close to that of the coowing jet. After the sec-

ondary potential core ends, the growth rate of the

primary shear layer is expected to approach that of

the single jet. We expect, therefore, the length of the

primary potential core Lp to lie somewhere between

L
SINGLE

and L
COFLOWING

by an amount dependent on

the length of the secondary potential core, Ls. Let

us say that the determinant of this transition is bLs,

where b is a constant factor. Using the geometric

argument of Fig. 16, Lp = bLs + ` where

` =
Dp

Æ0
SINGLE

�
Æ0
COFLOWING

Æ0
SINGLE

bLs (12)

Replacing the growth rates by the corresponding po-

tential core lengths per Eqs. 7 and 8, we obtain

Lp

Dp

=
L
SINGLE

Dp

+
bLs

Dp

�
1�

L
SINGLE

L
COFLOWING

�
(13)

We now correlate the measured values of Lp=Dp ver-

sus (Ls=Dp)(1 � L
SINGLE

=L
COFLOWING

). The plot of

this correlation is shown in Fig. 18. A least-squares

�t of the data gives

Lp

Dp

=
L
SINGLE

Dp

+ 2:1
Ls

Dp

�
1�

L
SINGLE

L
COFLOWING

�
(14)

which suggests that the transition from the

coowing-jet to the single-jet behavior ends at

around x = 2:1Ls. This model predicts the potential

core lengths within 10% of their measured values.

As the length of the secondary potential core Ls ap-

proaches the length of the primary potential core

Lp, Lp should tend asymptotically to L
COFLOWING

.

This behavior is not incorporated in the present

model and will be the subject of further research.

For many practical situations, however, Ls is much

shorter than Lp.

CONCLUDING REMARKS

Pitot pressure surveys have characterized the mean

ow development of single and dual-stream air jets.

Coaxial and eccentric dual-stream con�gurations

have been explored. The e�ect of secondary-ow ve-

locity and secondary-ow nozzle on the development
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Fig.17 Model for the secondary potential core length of

a coaxial jet.
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Fig.18 Model for the primary potential core length of a

coaxial jet.

of the primary, Mach 1.5 ow is described, with spe-

cial attention on the length of the primary potential

core, the supersonic length of the plume, and the

mass entrainment rate of the jet. In coaxial con-

�gurations, the primary potential core is elongated

with increasing Mach number and/or increasing di-

ameter of the secondary ow. For a Mach 0.9 sec-

ondary ow delivered from a nozzle with diameter

ratio Ds=Dp = 2:0, the potential core is elongated

by 68% relative to its value in the single jet. The

length of the supersonic region is roughly propor-

tional to the length of the primary potential core by

the factor Up=a1. Thus, the supersonic region is

also elongated with addition of a secondary ow, a

phenomenon that is undesirable from the perspec-

tive of noise.

The eccentric con�guration exposes part of the pri-

mary jet to the ambient, thus allows the jet to grow

at a faster rate than in the coaxial case. As a re-

sult, the potential-core and sonic lengths are elon-

gated by a much smaller amount than in the coaxial

case. This has an appreciable bene�t on noise emis-

sion, especially when the secondary stream is used

to prevent Mach wave formation. The entrainment

rate of the eccentric jet is very close to that of the

single jet when diameter of the secondary nozzle is

Ds=Dp = 1:4. The eccentric jet was a convenient

way to achieve an asymmetric dual-stream setup in

our facility. It is not an optimal condition, yet it

showed substantial bene�t relative to the coaxial

con�gurations. There is strong potential for more

eÆcient asymmetric con�gurations, such as a round

nozzle surrounded by a crescent-shaped secondary

ow.

An approximate, empirical model for predicting the

primary and secondary potential core lengths for a

coaxial jet is proposed. It combines the present mea-

surements of potential core lengths with the classical

model of shear layer growth rate and gives predic-

tions that are within 10% of the measured values.
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