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Flow exiting a convergent-divergent nozzle operated at o -design conditions exhibits a strong instability that causes mixing enhancement in the ow itself and can destabilize an adjacent ow. The
latter property enables mixing enhancement of an arbitrary jet via parallel injection of a secondary
gas ow. Furthermore, ow in existing coaxial arrangements, wherein the outer stream is gaseous
and operates within a certain pressure range, can be destabilized by minor geometric changes. The
paper describes the discovery of this phenomenon, presents an overview of experiments at U.C.
Irvine, and discusses the possible connection to supersonic nozzle ow separation. A roadmap for
better understanding and utilization of the instability mechanism is proposed.

I. Introduction

A strange occurrence of mixing enhancement was observed in coaxial jet noise experiments conducted at
UCI. The jets were composed of a round supersonic
stream (primary ow) surrounded by an annular gas
stream of variable velocity and density (secondary ow
or co ow). With the conditions of the primary ow
xed and with increasing velocity of the secondary ow
from low subsonic to sonic to supersonic, the following trends were observed. First, the spreading rate of
the primary stream declined, as expected from the reduced velocity di erence across the shear layer. As the
secondary ow reached near-sonic conditions (ideallyexpanded Mach number in the approximate range of
0.8 to 1.2), the spreading rate was signi cantly enhanced, an unexpected deviation. An example of this
deviation is shown in Fig. 1, where an annular co ow
enhances mixing of a supersonic jet surrounded by the
co ow. With increasing, supersonic velocity of the secondary ow, the spreading rate decreased from the enhanced state and eventually returned to normal values.
The puzzling departure near the sonic point triggered
a systematic investigation of this phenomenon at UCI,
starting in 1996, and NASA Glenn Research Center
two years later [1]. Before proceeding with a desription of the UCI experiments, it is useful to review the
signi cance of mixing enhancement and the state of the
art in mixing enhancement methods.

Fig.1 E ect of an annular, unstable co ow on a Mach 1.5 jet.
(a) Single jet; (b) coaxial jet.
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The vast majority of our energy and propulsive power
comes from burning fuels. Fuel eÆciency and reduction
of toxic emissions are governed by the completeness of
the mixing process between fuel and oxidizer [2]. Ideally, fuel and oxidizer mix at the molecular level in
the desired proportion before reacting. Incomplete or
non-uniform mixing leads to unburned reactants with
resulting loss in eÆciency and production of pollutants
such as soot particles and nitric oxides [3]. The ideal
case is extremely diÆcult to achieve in practice. A
major constraint is the niteness of space and/or time
available for mixing. In the combustor of a jet engine,
for instance, fuel and air must mix at high velocity
within a very short length. In reciprocating engines,
fuel must be introduced and mixed in the piston cylinder within a few milliseconds. These challenges apply
to both gaseous and liquid fuels, although liquid fuels
are more diÆcult to mix because a liquid stream must
go through several stages before complete reaction can
occur: breakup, atomization, vaporization, and molecular mixing with the oxidizer [4]. Another diÆculty is
the simultaneous achievement of mixing enhancement
and suÆcient penetration into the combustion zone.
Examples where penetration is critical are injection
into the cylinder of a diesel engine and transverse injection into a cross ow [5]. Conventional devices such as
lobe mixers [6], swirlers [7], and airblast atomizers [8]
achieve mixing with an attendant reduction in the axial momentum of the ow, which reduces penetration.
A further consideration is simplicity and compactness
of the nozzles. Good mixing does not guarantee operational success if the mixer is too complicated, too
large, or too heavy.

speeds remains one of the toughest challenges of uid
mechanics.

In aircraft exhaust systems, mixing enhancement has
been motivated by the need to suppress noise and thermal emissions. Mechanical schemes have included lobe
mixers [9, 10]; vortex generators, mainly in the form
of tabs [11, 12]; and nozzle cutouts [13]. Major drawbacks are thrust penalty (with notable exception of the
cutouts, which in ict minimal thrust loss but require
imperfect expansion of the jet), weight penalty, and
complexity of the engine exhaust. Thrust losses escalate with increasing jet Mach number and can easily
reach the order of 10% in supersonic jets [14, 15]. Complexity of the engine exhaust means increased manufacturing and maintenance costs. In the general area
of high-speed shear layers, e orts to increase mixing
have included cavity actuators [17], shock impingement
[18], trailing edge modi cations [19], and sub-boundary
layer disturbances [20]. The obvious tradeo is mixing
versus total pressure loss. The least-intrusive methods
increase the growth rate modestly, while the forceful
ones increase mixing at the expense of aerodynamic
performance. EÆcient mixing enhancement at high

Axial Flow

The desire to nd alternatives to mechanical mixers
has sparked research on uidic control of jets. The
counter-current shear layer of Strykowksi et al. [21]
demonstrated a substantial increase in the mixing rate
compared to the classical ow. Application of a counter ow on an engine exhaust or fuel injector has the
obvious drawback of momentum loss, although other
properties of counter ow have been ingeniously exploited towards thrust vectoring [22]. Signi cant effort has also been directed to pulsed-jet control, where
unsteady transverse jets installed at the jet exit destabilize the plume [23, 24]. While impressive increases in
the jet entrainment rate have been recorded, practical
implementation presents several challenges, including
impact on system performance and loss of axial momentum. Synthetic jets [25] are showing substantial
promise in controlling subsonic gas ows; their eÆcacy
in supersonic environments has not yet been demonstrated.
The mixing enhancement method described in this paper is di erent from the above techniques in two essential aspects: rst, it does not use mechanical devices
to directly disturb the ow; second, it uses parallel
injection to destabilize the ow, in contrast with the
counter- ow and transverse- ow uidic schemes mentioned above.

II.

Mixing

Enhancement

Using

The UCI e ort has spanned three years and hundreds
of experiments. It is not possible or instructive for one
paper to cover all the cases examined. This section
presents selected experiments that help illuminate and
quantify the mixing enhancement phenomenon. Table
1 lists the ow conditions corresponding to the key
gures presented.
A. Axisymmetric Nozzle Shapes

Following the initial observation of mixing enhancement described in the Introduction, attention was focused on the shape of the annular nozzles supplying
the secondary stream. Figures 2(a) and (c) present the
speci c geometry of two nozzles for which mixing enhancement was rst observed. Both nozzles featured
a small increase in cross-sectional area near the exit,
thus forming a convergent-divergent annular duct. The
nominal (coplanar) exit-to-minimum area ratios were

sion.
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Fig.2 Radial coordinates of axisymmetric coaxial nozzles used in the UCI tests. Dimensions are in millimeters. All
arrangements except 2(e) featured the same inner nozzle whose inner duct, not shown, was designed for Mach
1.5 ow. First column: convergent-divergent co ow nozzles; second column: counterpart convergent nozzles;
third column: special arrangement using the outer nozzle of 2(c) but a di erent inner nozzle with constant-area
inner duct.
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Table 1
FIG
5a, 6a
5c, 6b
5b
8
9a
9b
10
11
12a
12b
13a
13b
15a
15b
15c
16
16
17a
17b
18a
18b
20a
20b
20c
22a
22b

NOZZLE
Mach 1.5
Fig. 2a
Fig. 2b
Fig. 2a
Fig. 2b
Fig. 2a
Fig. 2b
Fig. 2a
Fig. 2b
Fig. 2a
Fig. 2d
Fig. 2c
Mach 1.0
Fig. 2e
Fig. 2b
Fig. 2a
Fig. 2c
Fig. 2b
Fig. 2a
Fig. 2d
Fig. 2c
Fig. 2g
Fig. 2f
Fig. 19
Fig. 19
Fig. 19
Fig. 2a
Fig. 2a

NPR1
3.67
3.67
3.67
3.67
3.40
3.40
1.70
1.70
1.70
1.75
1.75
1.67
1.67
3.67
3.67
3.67
3.67
3.67
3.67
3.67

M1

1.50
1.50
1.50
1.50
1.44
1.44
0.90
0.90
0.90
0.90
0.90
0.86
0.86
1.50
1.50
1.50
1.50
1.50
1.50
1.50

U1

430
430
430
430
420
420
465
465
465
320
320
435
435
430
430
430
430
430
430
430

Re1

5.5E5
5.5E5
5.5E5
5.5E5
5.5E5
5.5E5
1.8E5
1.8E5
1.8E5
3.0E5
3.0E5
1.7E5
1.7E5
5.5E5
5.5E5
6.0E5
6.0E5
6.0E5
5.5E5
5.5E5

Flow Conditions
NPR2 M2 U2
1.75 0.93 290
1.75 0.93 290
var.
var. var.
1.75 0.90 410
1.75 0.90 410
1.68 0.89 280
1.68 0.89 280
var.
var. var.
var.
var. var.
1.78 0.92 420
1.78 0.92 420
1.84 0.97 310
1.71 0.91 290
1.71 0.91 290
1.71 0.91 290
1.61 0.85 270
1.61 0.85 270
1.77 0.94 300
1.77 0.94 300
1.80 0.96 300
1.80 0.96 300
2.00 1.05 320
2.00 1.05 320
1.64 0.87 280
1.51 0.79 260

Re2

4.0E4
4.0E4
var.
2.8E4
2.8E4
3.8E4
3.8E4
var.
var.
6.2E4
6.2E4
5.7E4
4.6E4
4.0E4
3.6E4
3.6E4
3.6E4
8.7E4
8.7E4
1.1E4
1.1E4
9.6E4
9.6E4
3.7E4
3.3E4

Ae =Amin

1.25
conv.
1.25
conv.
1.25
conv.
1.25
conv.
1.25
conv.
1.11
1.50
conv.
1.25
1.35
conv.
1.25
conv.
1.11
conv.
1.3
conv.
1.3
1.25
1.25

m
_ 2 =m
_1

0.42
0.42
0.47
1.35
1.20
1.20
0.73
0.73
3.28
3.28
0.13
0.09
0.33
0.33
0.40
0.38

F2 =F1

0.29
0.29
0.36
0.86
0.75
0.75
0.70
0.70
2.26
2.26
0.09
0.07
0.25
0.25
0.26
0.23

NPR=nozzle pressure ratio
U in m/s
M is ideally-expanded Mach number
Re is based on actual (hydraulic) diameter of primary round (rectangular) jet and on minimum height and associated conditions for
co ow.
F is thrust based on ideal expansion
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Fig.4 Coaxial jet facility.

Fig.3 Generic shape of mixing-enhancement nozzle. Outer
(co ow) duct is convergent-divergent. The co ow pressure
ratio is such as to cause sonic velocity at the minimum area
of the duct and an adverse pressure gradient near the exit of
the duct. The properties of the inner steam are irrelevant to
the mechanism of the instability.

It was clear, therefore, that mixing enhancement was
connected with the operation of a convergent-divergent
nozzle at pressure ratios well below the design (fullyexpanded) value. The generic nozzle con guration is
illustrated in Fig. 3. A critical parameter is the ratio
of exit area to minimum area, Ae =Amin , of the co ow
nozzle. The properties of the primary stream are irrelevant to the instability mechanism, therefore the conditions of the primary stream can be arbitrary. This
implementation is called Mixing Enhancement via Secondary Parallel Injection (MESPI) and can be applied
to subsonic, supersonic, and even liquid streams, thus
has broad potential for practical applications.

1.25 for the smaller nozzle and 1.11 for the larger nozzle. The increase in exit area was inadvertent; ideally,
the annular duct should have been parallel at the exit.
It was an oversight of the author who did not incorporate the small taper of the outer wall of the inner
nozzle in his design of the inner contour of the outer
nozzles. The small area increase of the nozzles { particularly of the larger nozzle which was heavily utilized
in the initial noise tests { seemed insigni cant at the
time. Indeed, it would have been so if the nozzles were
operated at low-to-moderate subsonic Mach numbers.
For high-subsonic or sonic ow, however, the nozzles
produced an instability which was evident in schlieren
pictures and in centerline Mach number measurements.
Having realized that the divergence created such a profound e ect, new nozzles of conical convergent shape
were built for the noise research. The radial coordinates of the annular nozzles covered in this paper are
summarized in Fig. 2. The rst column describes the
convergent-divergent nozzles and the second column
their counterpart convergent nozzles. The inner surface of the annular passage (the outer wall of a Mach
1.5 nozzle) was identical for all the nozzles depicted in
the rst two columns. The third column, Fig. 2(e), depicts a special arrangement that used a di erent inner
nozzle. Installation of the nozzles allowed certain exibility in the relative axial placement of the inner and
outer nozzles. Given the taper of the inner surface, this
allowed some variation of the nozzle exit area and, in
the case of the convergent-divergent nozzles, the exitto-minimum area ratio. The convergent nozzles were
typically recessed relative to their convergent-divergent
counterparts to produce the same mass ow rate when
subjected to the same nozzle pressure ratio.

B. Axisymmetric Jets

Axisymmetric tests were conducted in the coaxial jet
facility depicted in Fig. 4. The inner nozzles of 12.7mm exit diameter were designed by the method of
characteristics for Mach numbers M1 = 1:5, 1.75, and
2.00. Occasionally, the Mach 1.5 nozzle was operated at low pressure ratio to produce subsonic outow. This paper covers only the Mach 1.5 and subsonic tests. A variety of outer nozzles, some shown
in Fig. 2, formed the annular passage for the co ow.
Precisely-metered mixtures of helium and air were supplied to the nozzles, which exhausted into ambient, still
air. Helium-air mixtures duplicate well the density,
velocity, and speed of sound of a heated jet. Pressure transducers recorded the total pressures in the
jet and co ow streams, and the pressure of a pitot
probe translated along the centerline of the jet. In
some cases, a microphone (Bruel & Kjaer, Model 4138)
recorded the noise emitted by the jet. A schlieren system with 20-nanosecond spark source (Xenon, Model
N787) and 150-mm beam diameter was used for instantaneous ow visualization. Schlieren photography was
occasionally complemented by pulsed planar laser induced uorescence, using gaseous acetone as the tracer
molecule and the ultraviolet output of an Nd:Yag laser
(Continuum, Surelite II) for excitation. Further details

As will be shown next, the convergent nozzles never
produced mixing enhancement at any pressure ratio.
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Fig.7 Centerline Mach number distributions for cases of Fig.
5.

on the facility and diagnostics can be found in [27].
Figure 5 presents schlieren images of three cases, all involving the same primary air jet at Mach 1.5. Depicted
are the single jet in Fig. 5(a); the jet surrounded by a
co ow from a convergent nozzle in Fig. 5(b); and the
jet surrounded by a co ow from a convergent-divergent
nozzle in Fig. 5(c). In the latter two cases, the co ow
was supplied at a nozzle pressure ratio NPR=1.75 and
the mass ow rates were equal. Application of the
co ow from a convergent nozzle, Fig. 5(b), stabilized
the jet as expected from the reduced velocity di erence across the jet's shear layer. The co ow from the
convergent-divergent nozzle, however, had the opposite
e ect and destabilized the jet. Further evidence of the
instability induced by the co ow is o ered in the planar laser induced uorescence (PLIF) images of Fig. 6,
corresponding to the ows of Figs. 5(a) and (c).

Fig.5 Schlieren images of Mach-1.5, 450-m/s air jets: (a) no
co ow; (b) co ow issuing from a convergent annular duct; (c)
co ow issuing from a convergent-divergent annular duct with
Ae =A
=1.25. The combined ows have 40% larger mass
ow rate and 30% higher thrust than the single jet.
min

(a)

A quantitative measure of mixing enhancement is the
decay of centerline Mach number with axial distance.
The faster the decay, the stronger the mixing of the primary ow with the ambient uid. Figure 7 depicts centerline Mach number distributions for the cases of Fig.
5. The potential core of the single jet ends at roughly
x=D1 = 6. Application of the co ow from the convergent nozzle, lengthened the core to about x=D1 = 8,
while the co ow from the convergent-divergent nozzle shortened the core to about x=D1 = 4. Strictly
speaking, to make quantitative assessment of mixing
enhancement one should compare ows of equal mass
ow rate and equal thrust. This is possible here by
comparing the axial Mach number distributions for the
two coaxial ows, which have equal mass ow rate and
roughly (within a few percent) equal thrust. The divergence of the co ow nozzle resulted in a 50% reduction

(b)

Fig.6 PLIF images of the ows of (a) Fig. 5(a); and (b) Fig.
5(c). Field of view is six jet diameters wide and starts six jet
diameters downstream of the nozzle exit.
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Fig.8 Centerline Mach number at x=D1 = 10 versus co ow
NPR for the arrangement of Fig. 5(c). Inner ow is a Mach
1.5 air jet.

Fig.9 Schlieren images of annular jets composed of a heliumair mixture. Ideally-expanded Mach number is 0.9 and velocity
is 410 m/s for both jets. (a) Annular nozzle is convergent; (b)
annular nozzle is convergent-divergent with Ae =A = 1:25.
The two jets had the same mass ow rate. Centerline Mach
number at x=D2 = 4:2 dropped from 0.77 in (a) to 0.48 in
(b).

in the length of the potential core and a 40% reduction in the centerline Mach number at x=D1 = 10.
The unequal comparison between the single jet of Fig.
5(a) and the combined ow of Fig. 5(c) (which has
42% more mass ow rate and 29% higher thrust than
the single jet) shows that the coaxial ow mixed faster
with the surrounding air than did the single jet. In
other words, addition of the co ow resulted here in net
mixing enhancement. Obviously, if the co ow became
very large, this would not be the case. Net mixing enhancement between the inner jet and the ambient is
expected to occur if the mass ow rate of the co ow is
a fraction of that of the jet. Figure 8 presents the variation of centerline Mach number at x=D1 = 10 versus
co ow nozzle pressure ratio for the arrangement of Fig.
5(c). As NPR increased from 1.0, the centerline Mach
number increased, signifying mixing suppression. At
around NPR=1.4, the trend reversed and the centerline
Mach number declined rapidly (mixing enhancement),
staying at low levels until about NPR=2.5. Above this
NPR, the centerline Mach number rose to values that
seem consistent with the lack of mixing enhancement.
Figure 8 thus gives an idea of the co ow nozzle pressure ratio for which mixing enhancement occurs when
one uses this particular co ow nozzle.

min
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We now turn our attention to cases where only the
co ow was turned on. The inner nozzle normally supplying the jet was terminated with a streamlined plug;
the outer nozzles were those described in Figs. 2(a)
and (b). In essence, the co ow assumed the role of the
jet. Figure 9 compares schlieren images of two such
jets, one issuing from an annular convergent nozzle and
the other from an annular convergent-divergent nozzle

2

Fig.10 Centerline Mach number distributions for annular air
jets issuing from a convergent nozzle and from a convergentdivergent nozzle. NPR= 1.68 and the mass ow rate was
equal for both jets.
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with Ae =Amin = 1:25. Both nozzles were supplied by a
helium-air mixture at nozzle pressure ratio NPR=1.75
and produced the same mass ow rate. The jet from
the convergent-divergent nozzle spread roughly three
times faster than the jet from the convergent nozzle.
Figure 10 shows the axial variation of centerline Mach
number MC/L for cases similar to those of Fig. 9 but
with air replacing the helium-air mixture. The instability associated with the convergent-divergent nozzle
caused a marked decrease in MC/L starting at a short
distance from the nozzle exit. The reduction reached
40% at x=D2 = 5. Figure 11 shows the variation of
MC/L with NPR at xed axial position x=D2 = 5:7 for
the two con gurations of Fig. 9, with air in the co ow.
This plot is analogous to that of Fig. 8 for the supersonic jet. As NPR increased from 1.0, MC/L rose identically for both nozzles until NPR=1.36 was reached.
Immediately past this value, MC/L for the convergentdivergent nozzle dropped with increasing NPR, while
MC/L for the convergent nozzle continued rising. Thus,
NPR=1.36 marks the start of the mixing enhancement
for this particular nozzle. At NPR1.5, MC/L for the
convergent-divergent nozzle started rising again but at
a value about 40% below that of the convergent nozzle. The di erence between the two nozzles closed at
around NPR=3.0, which suggests the end of mixing enhancement. The best mixing enhancement, in terms of
percent drop in MC/L , occurred for 1:5 < NPR < 2:5.
Figure 12 presents schlieren images analogous to those
of Fig. 9 but with a larger annulus, utilizing the nozzles of Figs. 2(c) and (d). No plug was installed on
the inner nozzle in this case. The trends are similar to
those in Fig. 9, even though the convergent-divergent
nozzle had a smaller area ratio Ae =Amin = 1:11.
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Fig.11 Centerline Mach number at x=D2 = 5:7 versus NPR
for annular air jets issuing from a convergent nozzle and from
a convergent-divergent nozzle. At each NPR, the two jets
had the same mass ow rate.

(a)

To test the robustness of the mixing enhancement phenomenon, the nely-machined aluminum inner nozzle
was replaced by a rather crude plastic nozzle. It was
fabricated from a short PVC pipe by grinding one of its
ends into a taper. No particular contour was imposed;
the nal shape, shown in Fig. 2(e), was ad-hoc. The
inner duct was parallel, giving sonic exit when subjected to a pressure ratio above 1.89. Figure 13 shows
schlieren images of a sonic, underexpanded jet without
and with co ow at NPR=1.84. Mixing enhancement
was very strong, which could be attributed to the larger
expansion ratio of this co ow nozzle (Ae =Amin = 1:5).
The plastic nozzle was thereafter instrumented with
pressure taps to record the pressure distribution on its
surface. It was possible to drill only a small number
of taps, so the spatial resolution was crude. The taps
were connected to thin copper tubes running through
the inner passage of the nozzle and protruding a long
distance from the nozzle exit, at which point they were
connected to pressure transducers via nylon tubing.
This arrangement precluded the operation of the in-

(b)

Fig.12 Schlieren images of large annular jets composed of a
helium-air mixture. Ideally-expanded Mach number was 0.9
and velocity was 420 m/s for both jets. (a) Annular nozzle is
convergent; (b) annular nozzle is convergent-divergent, with
Ae =A
= 1:11. The two jets had the same mass ow rate.
Centerline Mach numbr at x=D2 = 4:7 dropped from 0.77 in
(a) to 0.63 in (b).
min
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(c)

Fig.13 Schlieren images of an underexpanded sonic jet supplied at NPR=3.2 (a) alone and (b) surrounded by co ow
from convergent-divergent nozzle with NPR=1.84. Centerline Mach number at x=D1 = 8 dropped from 1.27 in (a) to
0.87 in (b).

Fig.15 Schlieren images of Mach-0.9, 465-m/s helium-air
jets: (a) co ow issuing from a convergent annular duct;
(b) co ow issuing from a convergent-divergent annular duct
with Ae =A =1.25. (c) co ow issuing from a recessed
convergent-divergent annular duct with Ae =A =1.35. The
mass ow rates were approximately equal in all cases. Centerline Mach number at x=D1 =8 dropped from 0.73 in (a) to
0.58 in (b) to 0.52 in (c).
min

0.90

min

0.80

ner stream. Since the instability depends only on the
co ow conditions, absence of the inner stream should
not impact the relevance of the results. Figure 14 plots
the static-to-total pressure ratio, p=p0 , versus axial distance for a variety of NPRs. The pressure distributions
associated with mixing enhancement correspond to acceleration of the ow to sonic velocity followed by an
adverse pressure gradient near the nozzle exit. It will
be shown later that this is consistent with ow separation inside the nozzle.
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NPR=1.09
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0.40

NPR=1.53
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We now examine coaxial cases with a subsonic primary
jet. In Fig. 15, the primary ow consisted of a heliumair mixture at Mach 0.9 and velocity of 465 m/s. The
co ow was air, supplied at NPR=1.71. In Fig. 15(a),
the co ow was supplied by the converging nozzle of
Fig. 2(b); the low spreading rate of the primary jet is
evident. Changing the co ow nozzle to the convergentdivergent one of Fig. 2(a), the primary jet became very
unstable as shown in Fig. 15(b). In Fig. 15(c), the
co ow nozzle was recessed 20 mm upstream of the jet
exit. To maintain the same mass ow rate as in the

0.30
-20

-15

-10

-5

0

x(mm)
Fig.14 Static pressure distribution on the outer wall of the
inner nozzle of Fig. 2(e). Axial distance is measured from lip
of inner nozzle. Annular nozzle supplying co ow terminated
at x = 5 mm. The data for NPR=1.78 correspond closely
to the ow shown in Fig. 13(b).
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Fig.18 Schlieren images of Mach-1.5, 450-m/s air jets with
very thin co ow annulus: (a) co ow duct is convergent; (b)
co ow duct is convergent-divergent with Ae =A =1.3. Both
ows have equal mass ow rate. Centerline Mach number at
x=D1 =10 dropped from 1.34 in (a) to 1.04 in (b)
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Fig.16 Centerline Mach number distributions for Mach 0.9 air
jets with co ow at NPR=1.61 issuing from convergent and
convergent-divergent annular nozzles. The setup is the same
as in Figs. 15 (a) and (b), except that the jet is composed of
air.

Fig.17 Schlieren images of Mach-0.9, 450-m/s air jets with large
co ow annulus: (a) co ow duct is convergent; (b) co ow duct
is convergent-divergent with Ae =A =1.1. Both ows have
equal mass ow rate. Centerline Mach number at x=D1 =10
dropped from 0.76 in (a) to 0.63 in (b).
min

10

previous two cases, the larger nozzle of Fig. 2(c) was
used. The jet was as unstable as with the coplanar nozzle, indicating that the instability is not very sensitive
on the relative axial placement of the jet and co ow
nozzles. Figure 16 presents centerline Mach number
distribution for a setup similar to that of Figs. 15(a)
and (b) but with air in the primary jet. The mixing enhancement of the co ow from the convergent-divergent
nozzle is again evident. These ows are similar to those
tested at NASA Glenn Research Center in a larger facility [1]. Figure 17 shows the e ect of a large co ow
on the growth rate of a Mach 0.9, 450-m/s jet. The
Ae =Amin = 1:11 divergence of the co ow nozzle had a
pronounced e ect on mixing. The ows of Fig. 17 are
representative of the exhaust of a turbofan engine with
bypass ratio around 3. These experiments suggest that
a subtle redesign of the fan nozzle can lead to the kind
of mixing enhancement seen in Fig. 17. For this type of
engine, mixing between the jet and fan (co ow) could
be as important as mixing between the jet and ambient ows (for reducing infrared signature, for example.)
In an arrangement where the jet and co ow are supplied at the same total pressure, the centerline Mach
number distribution does not describe the mixing rate
between jet and co ow. Other means of quantifying
mixing, such as the di usion of a passive scalar, would
be necessary.
Figure 18 compares supersonic jets surrounded by very
thin co ows issuing from the nozzles of Figs. 2(f) and
(g). Despite the very low ow rate of the co ow stream
(9% of the primary jet), the convergent-divergent nozzle induces noticeable mixing enhancement. The piece-

Flow
management
Secondary flow
h (variable)

12.7 mm

Primary flow

15.9 mm

Actuators

Fig.19 Rectangular dual-stream jet apparatus with secondary
ow of variable exit height and adjustable nozzle shape. Upstream actuators controlld the exit height; downstream actuators controlled the nozzle shape.

wise conical design of this nozzle, with a cornered expansion, is far from ideal. A contoured nozzle may
have given better performance.
Fig.20 Schlieren images of rectangular Mach-1.5, 450-m/s air
jets: (a) no co ow; (b) co ow issuing from a convergent
annular duct; (c) co ow issuing from a convergent-divergent
annular duct with Ae =A =1.3. The combined ows have
33 % larger mass ow rate and 25 % higher thrust than the
single jet.

C. Rectangular Jets

Rectangular jet experiments were conducted in the
dual-stream apparatus depicted in Fig. 19. The primary stream was supplied by an inner nozzle, designed
by the method of characteristics for Mach number 1.5.
Its exit dimensions were 12.7 mm in height and 15.9
mm in width. The secondary stream was supplied by
two outer nozzles incorporating exible walls for adjustment of their exit height and for changing their
contour. The width of the secondary stream was 15.8
mm, same as that of the primary stream. The apparatus was connected to the same gas supply system
that fed the axisymmetric jets (Fig. 4). The diagnostics were the same as those used in the axisymmetric
jets. The apparatus was originally designed to supply
a dual stream within the con nes of an ejector, hence
its low aspect ratio of 1.2. It is not an ideal facility for
studying free-jet mixing enhancement because only the
top and bottom surfaces of the jet are surrounded by
the co ow { the sides are not. As such, this jet displays
certain idiosyncracies which would not have occurred
if it were uniformly surrounded by a co ow. However,
the ability to change the nozzle contour (from convergent to convergent-divergent) allowed preliminary
experiments to determine if mixing enhancement also
occurs in rectangular nozzles.

min
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Figure 20 presents schlieren images of three rectangular cases, all involving the same primary air jet at Mach
1.5. Depicted are the single jet in Fig. 20(a); the jet
surrounded by a co ow from a convergent nozzle in
Fig. 20(b); and the jet surrounded by a co ow from a

Fig.21 Centerline Mach number distributions for the cases of
Fig. 20.
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onant tones. For each nozzle con guration, the tone
magnitude was dependent on the nozzle pressure ratio and the relative axial placement of the co ow and
jet nozzles, which determined the area ratio and shape
of the annular passage. The tone frequency was in
general agreement with the relation proposed by Zaman & Dahl, although higher harmonics were occasionally present. The tones could be removed by tripping the boundary layer near the sonic point using
strips of adhesive tape. This was an awkward procedure as the tapes would often detach from the nozzle;
furthermore, given the small dimensions of the annular
passages, even a 0.3-mm-thick tape could change substantially the location of the sonic point. It was observed nevertheless that removal of the tones did not
have a substantial e ect on mixing enhancement. It
was also noted that, in clean nozzles, there were certain pressure ratios for which tones were not emitted
while mixing enhancement was evident. This allowed
a cleaner determination of the impact of tones on the
jet ow. Figure 22 compares two Mach 1.5 jets using the arrangement of Fig. 2(c), one with co ow at
NPR=1.64 and the other with co ow at NPR=1.51.
The noise spectra and schlieren images of each case
are shown, together with a measurement of the centerline Mach number at x=D1 = 8. The NPR=1.64 case
emitted a distinct tone at 8 kHz with amplitude of
about 7 dB. This frequency is in good agreement with
the prediction of Zaman & Dahl [26]. The NPR=1.51
case emitted no discernible tones. As seen in Fig. 22,
the case with the tone produced slightly less mixing
enhancement than did the case without the tone. One
should not generalize this observation. It simply serves
to show that their is no causal relation between aeroacoustic resonance and mixing enhancement. In small,
axisymmetric nozzles, the two phenomena often overlap, which can easily mislead someone into drawing a
direct link between the two. (In fact, the author initially attributed importance to the tones until experiments at NASA proved that mixing enhancement was
unrelated to the tones [1]). Further evidence of the
lack of such link is that the rectangular convergentdivergent nozzles never emitted tones at any pressure
ratio. This is a little surprising as the co ow Reynolds
numbers for the rectangular and axisymmetric cases
were not very di erent. It suggests that aeroacoustic
resonance may be sensitive to nozzle shape as well as
Reynolds number.

convergent-divergent nozzle in Fig. 20(c). In the latter
two cases, the co ow was supplied at a nozzle pressure
ratio NPR=2.0 and the mass ow rates were equal.
The trends are the same as those in the axisymmetric
cases. The co ow from a convergent nozzle stabilizes
the jet while that from the convergent-divergent nozzle
destabilizes it. The jet of Fig. 20(c) is seen to have a
higher growth rate than the single jet of Fig. 20(a). The
centerline Mach number distributions for these cases
are shown in Fig. 21. Interestingly, the curves for the
single jet and for the jet plus convergent co ow practically overlap, although one would have expected the
combined ow to mix slower. It is believed that the
co ow, whose exit direction is slighly inclined towards
the jet axis, squeezed the jet in the transverse direction, leading to increased spreading of the jet in the
lateral direction (recall that the jet is unbounded in
that direction). Even though transverse spreading was
suppressed, the increase of the lateral spreading led to
an overall mixing rate comparable to that of the single
jet. The co ow from the convergent-divergent nozzle
had a pronounced e ect on mixing, e ectively halving
the length of the potential core of the jet. The decline
in centerline Mach number is not as large as in the
axisymmetric case of Fig. 7, probably because of the
partial coverage of the jet by the co ow. These experiments prove that mixing enhancement is not speci c to
axisymmetric jets and also occurs in rectangular and
possibly other con gurations.
D. Aeroacoustic Resonance

Convergent-divergent nozzles operated at o -design
conditions often exhibit resonant tones associated with
the presence of shocks inside the nozzle (this is di erent from the phenomenon of screech which is caused
by shocks external to the nozzle). This resonance was
studied extensively by Zaman & Dahl [26], who conjectured that it is caused by a feedback loop internal to
the nozzle and is driven by unsteady laminar boundary layer separation near the throat. For an ideallyexpanded Mach number around 1.0, and in a large variety of convergent-divergent nozzles, Zaman & Dahl
found that the fundamental resonance frequency scales
as
fresonance L
 0:15
a0

where L is the throat-to-exit length and a0 is the stagnation speed of sound. They further noted that tripping the boundary layer near the sonic point reduces
or eliminates the tones. Also, according to their study,
a nozzle with fully turbulent boundary layer is not expected to produce resonant tones.

Even though resonance phenomena are typically undesirable in large-scale applications, they could be exploited in small devices - like fuel injectors - to enhance
mixing further by triggering the most ampli ed instability modes of the uid. In liquid injection, for example, the resonant tones emitted by the gaseous co ow
may couple with the liquid shedding frequency [28] to

The axisymmetric convergent-divergent annular nozzles used in the UCI experiments typically emitted res12

promote breakup of the jet column.
E. Summary

The experiments describe a strong ow instability that
occurs when a convergent-divergent nozzle is subjected
to pressure ratios within the range exempli ed by Figs.
8 and 11. Visual absence of shocks outside the co ow
nozzle, and the internal pressure distributions of Fig.
14, indicate that this pressure range corresponds to
the phenomenon of supersonic nozzle ow separation.
That a separated- ow nozzle provides mixing enhancement may not be surprising at rst (the exit ow is
messy after all) until one examines the magnitude and
onset of this phenomenon. The reversal of trends seen
in Figs. 8 and 11 cannot be explained by separated ow
alone; a subsonic separated nozzle would not have produced them. The magnitude of mixing enhancement
seen in the jet of Figs. 9 and 12 cannot be attributed
to just messy initial conditions. Moreover, the fact that
the unstable ow can destabilize an adjacent ow (even
with partial coverage of the adjacent ow as seen in the
rectangular jets), points to a vigorous, dynamic instability mechanism. To gain further insight, one needs to
examine in detail the phenomenon of supersonic nozzle
ow separation.

III. Supersonic Nozzle Flow Separation
A. General Observations

The range of co ow pressure ratio for which mixing enhancement occurs (Figs. 8 and 11) and the wall pressure distributions of Fig. 14 hint to a connection between mixing enhancement and supersonic nozzle ow
separation. As will be shown below, separation creates
a non-uniform pressure eld that could be the source
of the instability. The fact that mixing enhancement
occurred in axisymmetric and rectangular nozzles suggests that nozzle cross sectional shape is not a critical feature of the instability mechanism. In fact, a
recent study by Zaman [26], which was partly motivated by the UCI results, showed that even a round
convergent-divergent nozzle produces mixing enhancement of the type (although not necessarily of the magnitude) exempli ed by Fig. 11. This allows us to focus
on the basic phenomenon of separation in a generic
convergent-divergent nozzle for obtaining insight into
the mechanics of mixing enhancement. Note, however,
that nozzle cross section may play a role in amplifying
the instability.

Fig.22 Schlieren images and noise spectra for cases: (a) with
resonant tone; (b) without resonant tone. Centerline Mach
number at x=D1 = 10 was 1.06 for (a) and 1.03 for (b).
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(a)

tios. A paramount issue is prediction of separation location, speci cally the ratio ps =pa (pressure just ahead
of separation over ambient pressure). An extensive review of the older literature, and correlation of experimental results in a large variety of nozzles, is given
by Morrisette & Goldberg [29]. Their primary conclusion is that zero-pressure-gradient separation predictors, like the method of Reshotko & Tucker [30], give
reasonable predictions for nozzles with turbulent separation and large divergence angles. The ratio ps =pa is a
declining function of the shock Mach number Ms and,
as a rule of thumb, is roughly 0.5 for Ms  2 and 0.3
for Ms  4. Nozzles with laminar separation exhibited
higher separation pressure ratios, which shows that the
e ect of Reynolds number should be included in any
comprehensive study of this ow. Separation in nozzles
with low local wall angles, such as low-divergence conical nozzles and contoured nozzles, deviated from the
above predictions. The close proximity of the wall to
the separation shear layer has been cited as a possible
reason for the discrepancy.
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Computational studies of two-dimensional overexpanded nozzles by Wilmoth & Leavitt [31] and by
Hamed & Voyatzis [33, 34] assessed the accuracy of
turbulence models for predicting the ow eld and
thrust performance. The works agree on the basic
structure of the separation shock, which consists of
the incident shock, Mach stem (normal shock), and
separation shock. Thrust predictions were in good
agreement with experiments, except at pressure ratios associated with separated ow. A combined experimental and computational work by Hunter [35] offers one of the most comprehensive treatments of this
ow. His experimental results on a two-dimensional
nozzle with Ae =Amin = 1:8 showed two distinct separation regimes: three-dimensional separation with partial
reattachment for nozzle pressure ratio NPR 1:8 and
fully-detached two-dimensional separation for NPR 
2:0. Hunter claims that this transition was not the result of markedly di erent onset conditions or stronger
shock-boundary layer interaction, but instead came
about trough the natural tendency of an overexpanded
nozzle ow to detach and reach a more eÆcient thermodynamic balance. As a result, the thrust of the
separated case is much higher that that given by inviscid analysis. Notable in Hunter's experiments and
simulations was the much higher nozzle pressure ratio
required to situate the shock at a given area ratio compared to the inviscid prediction. For example, to place
the normal shock just outside the nozzle exit a nozzle
pressure ratio NPR=3.4 was required, versus NPR=1.8
predicted in the inviscid case.

0

2

a
1
x

Fig.23 Sketch of shock structure, uid phenomena, and centerline pressure distributions for overexpanded nozzle. (a) Inviscid case; (b) viscous (separated) case, depicting the underexpansion postulated by Romine [36]. The two cases are compared qualitatively at the same nozzle pressure ratio p0 =pa .

Supersonic nozzle ow separation occurs in convergentdivergent nozzles subjected to pressure ratios much below their design value, resulting in shock formation inside the nozzle. In the one-dimensional, inviscid treatment of Fig. 23(a), the shock is normal and the emerging ow stays attached to the wall, thus compresses
subsonically to the ambient static pressure. In reality
ow typically detaches and forms a separation region
near the wall, as depicted in Fig. 23(b). For moderate
nozzle area ratios a lambda shock is often observed.
Flow downstream of the shock is non-uniform with the
wall pressure matching the ambient pressure but with
a signi cant overpressure immediately aft of the normal shock. This non-uniformity is a central point of
the discussion here.
B. Past Work

Generic methods for boundary-layer separation cannot
capture the entirety of events inside a nozzle. Recently,
a theoretical model proposed by Romine [36] helps ll

There is a large volume of literature dealing with separation in rocket nozzles, which have large expansion ra14

this gap. For shocks with moderate Mach numbers
(less than 2.25), Romine postulates that the jet ow
emerging from the shock is above ambient pressure and
adjusts to the ambient pressure via a gradual underexpansion. The magnitude of the underexpansion is
equal to that of the overexpansion, i.e., p2 =pa = pa =p1
(see Fig. 23 (b)). It is important to note that this argument applies in the vicinity of the centerline of the
nozzle, where the shock is normal or close to normal,
and not on the walls. On the walls, there is general
agreement that ow adjusts to the ambient pressure
almost immediately. The underexpanded jet is initially
subsonic but can eventually reach sonic or low supersonic speeds, thus is a rather unique ow. The higher
back pressure felt by the shock pushes the shock upstream of its inviscid location, which explains the much
larger NPR (compared to the ideal case) required to
position the shock at a given area ratio. The underexpansion is evident in the computational Mach number
contours of Hunter [35], although he did not mention it
explicitly. Romine's model agrees well with experimental data in rocket nozzles and, as shown below, o ers
valuable guidance for predicting the occurrence of mixing enhancement. Most importantly it brings to light
a region of non-uniform static pressure that could extend past the exit of the nozzle and which could be the
key ingredient of the mixing enhancement mechanism.
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Fig.24 Prediction of NPR versus nozzle area ratio for shockcontaining nozzle ow. The theoretical lower limit is based
on inviscid, 1D calculation for the onset of sonic ow. The
inviscid upper limit is based on 1D ow, while the viscous
upper limit is based on the normal-shock separation solution of Romine [36] and is more realistic. Rectangular symbols depict experimental data on the onset, strongest occurrence, and cessation of mixing enhancement in a nozzle with
Ae =A
= 1:25. The round symbol denote the pressure ratio for which a normal shock is visualized at the exit of nozzle
with Ae =A = 1:80 [35].
min

min

C. Nozzle Pressure Ratio

where the numerator is the total-to-static pressure ratio immediately ahead of the shock and the denominator is the static pressure ratio across the shock. The
Mach number M1 is given by the supersonic branch of
Eq. 1. As mentioned above, the inviscid theory seriously underestimates the NPR needed to position the
shock at a given area ratio. Romine's model [36] offers a simple way to account for the e ects of separation. Ifpp2 =pa = pa =p1 , as Romine proposes, then
pa =p1 = p2 =p1 , hence

The range of nozzle pressure ratios for which a shock
sits inside a convergent-divergent nozzle is governed by
the nozzle area ratio Ae =Amin . The lowest NPR corresponds to establishment of sonic ow at the minimum
area (Amin = A ), followed by subsonic compression.
The inviscid solution involves solving rst for the exit
Mach number Me using the subsonic branch of the isentropic area-Mach number relation
Ae
1
=
Amin
Me
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Figure 24 plots the three limits of NPR: the inviscid
lower limit, the inviscid upper limit, and the viscous
upper limit. The striking di erence between the latter two is again noted. It can only be explained by a
subsonic underexpansion following the shock. Overlaid
on the plot are experimental data on mixing enhancement in a nozzle with Ae =Amin = 1:25, corresponding

p0
p
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= 0= 0 1
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with M1 given again by the supersonic branch of Eq.
1.

zle exit pressure. The nozzle becomes shock-free when
the shock sits at the nozzle exit. The inviscid, onedimensional prediction is
NPRmax =

p0
p =p
= p0 1
pa
p2 =p1

(inviscid) (3)
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ows considered here. There are three problems with
predicting analytically the thrust of separated nozzle
ow. First, the ow is non-uniform at the exit. Second, the shock location{and even whether the shock
is inside the nozzle or not{cannot be determined from
one-dimensional inviscid theory; see the discussion of
the previous section. Third, the normal part of the
shock occupies only a fraction of the nozzle crosssectional where it sits { the rest is occupied by oblique
shocks. Thus, only experiment and computation can
make reasonable prediction of nozzle thrust. Unfortunately overexpanded nozzle thrust measurements are
extremely scarce in the literature. The author was able
to nd only two such works, one by Hunter [35] for
Ae =Amin = 1:8 and the other by Wilmoth & Leavitt
[31] for Ae =Amin = 1:3. Hunter also includes computational predictions of thrust.

to the graph of Fig. 11. \Start" indicates the NPR at
which mixing enhancement is rst observed and agrees
reasonably well with the inviscid prediction of onset
of sonic ow in the nozzle. \Best" indicates the NPR
range for strong mixing enhancement. \End" denotes
the end of mixing enhancement and is in good agreement with the prediction of shock-free nozzle ow. Also
shown is Hunter's [35] result for positioning the shock
at the exit of a Ae =Amin = 1:8 nozzle.
Figure 24 suggests a strong connection between mixing
enhancement and ow separation. There is suspicion
that the non-uniform pressure eld emerging from the
separation could trigger instability. Pressure imbalance alone does not explain instability, however. Supersonic over- and under-expanded jets do not exhibit
the type of mixing enhancement discussed here. So,
if there is a connection, it must have something to
do with the peculiar subsonic underexpansion of this
ow. The underexpansion aspect of ow separation
has never been the subject of experimental investigation. Moreover, the available pressure data in the literature do not capture the underexpansion because all
of them were acquired on the nozzle walls, not on the
ow centerline.

The experimental and computational data are summarized in Fig. 25 which plots the percent thrust loss versus nozzle area ratio for NPR=2.0. Also shown on
the gure is the inviscid one dimensional prediction.
The reader is cautioned that this prediction is likely
to be physically and hence quantitatively inaccurate,
particularly for the large area ratios. For NPR=2.0
and for all the area ratios covered in Fig. 24, the inviscid theory predicts shock-free nozzle ow with oblique
shocks in the jet plume. There is little doubt that in
reality the shock occurs inside the nozzle as veri ed
by the aforementioned experiments and computations.
The inviscid curve matches well Wilmoth & Leavitt's
datum{which could be coincidental{but overestimates
by factor of two the thrust loss of Hunter's nozzle.
In the absence of more sophisticated tools, the inviscid theory seems to provide a reasonable \ rst cut"
for predicting thrust loss in low-expansion-ratio nozzles, even though it may not represent the actual ow
regime. Referring to the experimental data it should be
noted that both nozzles had relatively sudden expansions; smoother contours may have reduced the thrust
losses. Hunter argues that better control of separation
may lead to losses comparable to his computational
predictions. Interpolating linearly between the origin
and Wilmoth & Leavitt's Ae =Amin = 1:3 thrust measurement in Fig. 25 we infer preliminary estimates of
thrust loss in some of the cases covered: 1.5 % for the
ow of Fig. 5(c), where the co ow contributed 22% of
the total thrust; 2.7 % for the ow of Fig. 12(b), where
the co ow provided all the thrust; and 2.0% for the
ow of Fig. 17(b), where the co ow contributed 69%
of the total thrust.

D. Thrust Prediction

Thrust loss arises mainly from formation of a shock
inside the nozzle and the accompanying drop in total
pressure. Assuming uniform ow at the nozzle exit and
sonic ow at the throat (A = Amin ), the normalized
nozzle thrust is



A p
F
= e e 1 + Me2
p0 A
A p0

pa
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(5)

where the subscript e refers to the nozzle exit plane
and subscript a refers to the ambient values. Since the
mass ow rate is proportional to p0 A , this formulation
is convenient for comparing ows of equal mass ow
rate. The ideal thrust is that of a ow of equal mass
ow rate as the actual ow that has been expanded
to the ambient pressure isentropically. The ideal exit
Mach number is
Mei =
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and the corresponding area ratio, (Ae =A )i , is given by
Eq. 1. The ideal normalized thrust is
Fi
=
p0 A
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Using Eq. 5 and assuming one-dimensional, inviscid
ow, prediction of thrust is straight-forward. However, this prediction will likely be inaccurate for the
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Fig.26 Variable geometry throat for on-demand application of
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Fig.25 Percent thrust loss versus nozzle area ratio for
NPR=2.0. Symbols denote experimental and computational
data. Line represents the one-dimensional, inviscid prediction,
which is believed to be physically and quantitatively inaccurate.



Unsteadiness of the internal ow. Even though
mixing enhancement is not related to aeroacoustic
resonance (for which the internal ow is undoubtedly unsteady), absence of resonant tones does not
necessarily mean that the shock structure is perfectly stationary. It is important to investigate
possible unsteadiness of the internal ow and correlate it to mixing enhancement.



E ect of nozzle geometry. So far the discussion has
emphasized the e ect of the area ratio Ae =Amin .
Other features of the nozzle shape could also play
a vital role. The nozzle expansion angle, for example, a ects shock curvature which in turn governs
the non-uniformity of the emerging ow.

IV. Future Work

The method of mixing enhancement via secondary parallel injection axial ow is attractive because it involves
clean ow paths, simple nozzle shapes, and the potential for small thrust loss. The current understanding of
the instability mechanism is admittedly poor, although
there is strong evidence that it is linked to the uid mechanics of supersonic nozzle ow separation. Further
insight into the physical mechanisms entails systematic investigation of the basic underlying phenomena.
Below are some key elements of such an investigation.



Prediction of shock location versus nozzle pressure
ratio and nozzle area ratio. It is surprising how
little is known about this basic ow. Textbooks
routinely discuss the one-dimensional, invisid theory. However, as shown earlier, viscosity has a
profound e ect on this relation. A good model of
shock location would help re ne the predictions
of onset and cessation of mixing enhancement and
describe better the loss mechanisms.



Characterization of the subsonic underexpansion
region past the shock. The extent, magnitude,
and nature of this region have never been investigated. Is the subsonic underexpansion inherently
unstable? Does its magnitude depend on nozzle
area ratio as well as nozzle expansion angle?



Correlation of mixing enhancement with the magnitude and extent of underexpansion. This would
con rm or dismiss the hypothesis that the two

Assuming that the subsonic underexpansion is the culprit, an intriguing question is: could the same ow be
generated by other means, not involving shocks? This
could lead to a virtually loss-free way to enhance mixing. The answer, of course, involves detailed study of
the underexpansion as proposed above. Understanding
the ow eld in an overexpanded nozzle will also pave
the way to e ective methods for active ow control.
Sonic ow is very susceptible to small disturbances,
hence is an ideal regime for applying small inputs to
achieve large-scale events. One could envision MESPItype nozzles with small uidic or mechanical actuators near the throat (Amin ) that promote further instability by controlling the frequency and the spanwise
(2D) or azimuthal (axisymmetric) wavenumber of the
disturbances. Application and optimization of sonic
line control entails in-depth knowledge of the internal
ow. In other applications, exible surfaces would be
activated into a convergent-divergent geometry when
mixing enhancement is desired and otherwise form a
straight channel. This on-demand application would
con ne thrust losses to the periods mixing enhancement is activated. Figure 26 provides an illustration of
such a scheme.
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of Coaxial Air and Other Mixing parameters,"
23rd Symposium on Combustion, 1990, pp. 281288.

V. Concluding Remarks

Experiments have demonstrated the occurrence of an
instability in the plume of convergent-divergent nozzles
operated at o -design conditions. There is substantial
evidence that this instability occurs when sonic ow is
established at the throat of the nozzle and an adverse
pressure gradient is generated near the nozzle exit. The
instability causes mixing enhancement in the ow itself
and can destabilize an adjacent ow. The latter feature enables mixing enhancement of an arbitrary jet
via parallel injection of a secondary gas ow. This
method of mixing enhancement is characterized by the
absence of mechanical mixers, usage of a clean ow
path, and good preservation of the axial momentum of
the ow. It has the ability to increase substantially the
mixing of supersonic jets, which are very stable and in
which mechanical mixers in ict substantial penalties.
In the supersonic examples presented in this paper, the
thrust loss was estimated to be around 1.5%, with potential for even smaller loss with appropriate nozzle
design. The underlying physical mechanisms are not
well understood although there appears to be a strong
connection with the phenomenon of supersonic nozzle
ow separation. Speci cally, the range of nozzle pressure ratios for which mixing enhancement occurs overlaps with the prediction of separated ow inside the
nozzle. Detailed investigation of the internal and external ow phenomena is necessary for understanding
and optimizing this method.
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