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Mixing Enhancement Due to Global Oscillations in Jets with
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A novel control technique is described which leads to the enhancement of mixing in axisymmetric jets. The
approach relies on the self-excitability of the jet and does not require elaborate feedback control schemes or actu-
ators. Self-excited global oscillations are established in the jet by applying suction to an annular cavity placed
around the jet periphery. These oscillations are responsible for enhanced mixing between the jet and the sur-
rounding fluid, and can be maintained at relatively low levels of counterflow. Furthermore, the global oscillations
and increased mixing appear to be insensitive to the jet initial conditions. The present study included jet Reynolds
numbers between 3.4X10* and 1.1x10> for initially laminar and turbulent separated shear layers. The study also

examined the influence of nozzle design on jet mixing,

Introduction

HE response of axisymmetric jets to monochromatic external
excitation is well documented. Crow and Champagne' were
the first to systematically examine the influence of discrete-fre-
quency forcing on the development of circular jets. They reported
that jet mixing could be enhanced considerably if the forcing could
be tuned to the natural instability modes, which scaled on the jet
diameter. This so-called “preferred mode” was described as being
the most dispersive in the jet, owing to the absence of vortex pair-
ing and a corresponding maximum amplification at this frequency.
In the spirit of Crow and Champagne,! Zaman and Hussain? re-
examined the jet response to monochromatic forcing and reported
that a larger total amplification could be achieved if vortex pairing
was encouraged at forcing frequencies above the preferred mode.
Subsequent work by the same authors® revealed that jet mixing
could be enhanced or suppressed depending on the forcing fre-
quency. The jet response to forcing is complicated by the multiple
length scales in the problem, namely, the jet diameter and the
thickness of the separating shear layer. Consequently, the jet must
be viewed as an “amplifier” to disturbances scaling on the shear
layer thickness as well as those scaling on the jet diameter. Hence,
a careful documentation of the jet initial conditions is required for
a proper physical understanding of the mechanisms responsible for
alterations in jet mixing.

The motivation behind this forcing study was the development
of more efficient turbulent control schemes for jets operated under
technologically relevant conditions, e.g., at high Reynolds and
Mach numbers. For instance, recent experiments by Lepicovsky et
al.* indicate that high-speed subsonic jets are relatively unaffected
by large-amplitude monochromatic acoustic excitation. Some
attempts have also been made to control jet development by
employing sensor/actuator based feedback networks,” however,
these control schemes appear to be limited to moderate and low
Reynolds numbers. Hence, it appears that the energy input
required to alter jet mixing using external forcing techniques will
simply be too high to be of practical utility in the harsh environ-
ments encountered in most applications. Clearly, more robust con-
trol schemes need to be exploited if we hope to advance the design
of high-speed mixing chambers.
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The technique described in this paper is based on the principle
that feedback of information is more efficient through the vorticity
field itself, in comparison with feedback mechanisms which rely
on the relatively weak coupling between acoustic and vorticity
waves. The feedback loop is established by creating a counterflow-
ing stream around the jet periphery. In principle, the counterflow-
ing stream is used to set up the conditions of locally absolutely
unstable flow in a finite region of the jet near field. If a sufficiently
large region of the flow becomes absolutely unstable, we can antic-
ipate the emergence of a self-excited global mode.? The aim of the
present study was 1) to identify whether a global mode could be
established in a jet with counterflow, and 2) to determine the effect
of the global self-excitation on jet mixing.

Jet Facility

The nozzle configuration used to establish countercurrent mix-
ing in the shear layers of an axisymmetric jet is shown in Fig. 1.
Alr is supplied to the inner nozzle from a variable-speed centrifu-
gal blower, after passing through a flow management section
including a diffuser, flow straighteners, screens, and an intermedi-
ate nozzle contraction. The air exhausts into the laboratory after
encountering the 25:1 area contraction ratio inner nozzle produc-
ing the nominally uniform stream U,; the streamwise velocity U, is
defined as the value on the jet centerline in the nozzle exit plane.
The jet diameter D in the nozzle exit plane is 2.54 cm. The jet was
operated under both laminar and turbulent initial conditions. A
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Fig.1 Nozzle configuration used to establish counterflow in an axi-
symmetric jet
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separating laminar shear layer was obtained using the nozzle con-
figuration shown in Fig. 1, and a turbulent shear layer was
achieved by introducing a boundary-layer tripping device
upstream of the jet exit. The study included laminar flow condi-
tions for forward velocities U, between 20 and 60 m/s correspond-
ing to jet Reynolds numbers Re,, from 3.4Xx10* to 1.1X10°. Tur-
bulent flow was examined at a Reynolds number of 3.4 X 10%,

Typical conditions for laminar flow measured in the nozzle exit
plane produced turbulence intensities (streamwise velocity compo-
nent) of less than 0.15% on the jet centerline and a maximum level
of 1.5% in the separating shear layer. The streamwise mean veloc-
ity uniformity outside the boundary layers was better than 1%. The
exiting velocity profile was very “top hat,” the momentum thick-
ness of the separated shear layer 6, being much smaller than the
jet diameter. The jet curvature D/, was always greater than 230
under laminar conditions, which was found to be sufficiently large
to neglect coupling between instability waves scaling on the shear
layer thickness and those scaling on the jet diameter.”'°

A turbulent separating shear layer was established by placing a
ring trip inside the nozzle. The ring was positioned 0.75D
upstream of the nozzle exit and had a diameter of 1 mm, which
was approximately equal to the undisturbed boundary-layer thick-
ness at that location. The tripped boundary layer resulted in a
slightly elevated centerline exit plane turbulence intensity of
0.2%, however the separating shear layer was highly disturbed
with a turbulence intensity of 9.5%; no discrete peaks could be
identified in the spectral distribution of the shear layer distur-
bances. The exiting jet curvature parameter under turbulent condi-
tions was D/6, ~100.

The counterflowing stream U, is created by placing a suction
collar concentrically around the inner nozzle as shown in Fig. 1. A
regenerative suction pump is connected to the collar and throttled
with a bypass valve to control the speed of the reverse flow stream.
The forward and reverse velocities U, and U, are defined in the
exit plane of the inner nozzle. This is also the origin of the stream-
wise coordinate x, which is taken to be positive in the direction of
U,. The reverse stream velocity was obtained by measuring
detailed velocity profiles with a hot wire introduced in the annular
passageway through the collar wall. The velocity U, (which is
negative in our coordinate frame) represents the average reverse
velocity entering the annulus in the plane of the nozzle exit. The
vacuum system accommodated reverse flow streams having a
magnitude up to 20 m/s. An important control parameter in the
problem is the velocity ratio defined as —U,/U,, which was varied
between 0<—U,U,<0.5. Operationally, the flow dependence on
the velocity ratio was obtained by varying the suction velocity U,
while holding the forward velocity U, fixed. (Additional discus-
sion of the counterflowing jet facility can be found in Niccum!!
and Strykowski and Niccum.'?)

The nozzle geometry shown in Fig. 1 introduces a number of
length scales which will undoubtedly influence the jet response. In
addition to the jet diameter, important length scales include the
extension collar length L, the annular slot width w, and the initial
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Fig.2 Axial mean velocity profiles in the absence of suction at a Rey-
nolds number of 3.4X10* in a jet with initially laminar shear layers.

Fig.3 Schlieren photographs of the jet side view at Re,=7.8xX10" a)
taken without reverse flow; and b) at a velocity ratio of —U,/U,~0.35.
The streamwise extent of the images is from 2.25<x/D<9,

shear layer momentum thickness 6,. The shape of the extension
collar also imposes several constraints on the flow which will
affect the nature of the reverse stream velocity profile. These
include the divergence half-angle « and the outer radius of curva-
ture of the collar. The present study was limited to an examination
of the effect of L/D and D/8, on jet mixing. Consequently, w/D and
o were held invariant throughout the study, having values of 0.5
and 7 deg, respectively. The selection of w/D and o was somewhat
arbitrary, the former being chosen as the minimum value which did
not appreciably affect the flowfield in the absence of counterflow,
and the latter being a representative jet divergence angle from flow
visualization.* Several extension collars between 0<L/D<3 were
carefully machined to maintain the constant divergence half-angle
of 7 deg and an outer radius of 1.27 cm at the end of the collar
where the reverse flow enters the annulus. The jet curvature D/,
was uniquely determined by the fifth-order polynomial nozzle
used and varied between 230 and 400 for the laminar flow condi-
tions mentioned earlier. (The phenomena described in this paper
depend both on the slot width w/D and collar divergence angle «,
but detailed measurements involving these geometrical consider-
ations are quite preliminary and are best postponed to a later time.
However, a brief discussion of the effect of w/D is provided in the
discussion and conclusion section of this paper.) 5

This research was motivated by our earlier findings ~  that self-
excited oscillations could be observed in the shear layer of a circu-
lar jet when the conditions necessary for absolute instability were
established in the jet near field. One of the limitations of that ear-
lier work was that the self-excited oscillations scaled on the jet ini-
tial shear-layer thickness and, hence, were too high in frequency to
directly affect the development of the jet column. In fact, the oscil-
lations were at a frequency which inhibited vortex pairing in the jet
shear layers and reduced jet mixing. We believe that the high-fre-
quency oscillations were the consequence of creating only a small
region downstream of the nozzle lip over which the flow was abso-
lutely unstable. Consequently, during the course of this study, we
set out to examine whether increasing the downstream extent of
the absolutely unstable region using extension collars could be
used to decrease the self-excited frequency, thereby effectively
forcing the jet column and giving rise to enhanced mixing.

Before concluding our discussion on the counterflowing jet
facility, a few remarks are warranted regarding the effect of the
collar geometry on the mean velocity field in the absence of coun-
terflow. In particular, to rule out the possibility that the Coanda
effect was the principal mechanism responsible for the enhanced
mixing, axial mean velocity data were obtained in the jet without
reverse flow. Figure 2 shows axial jet profiles under laminar flow
conditions at Rep,=3.4x10* without a collar and for collar exten-
sions of L/D =1 and 2.25. The data reveal a very weak dependence
of jet mixing on collar length in the absence of counterflow. These
variations are indeed small compared to the changes observed in
the jet with counterflow, as shown in Figs. 5 and 7 of the next sec-
tion. The profiles imply that entrainment is somewhat inhibited by
the placement of longer extension collars on the nozzle, a result
which is opposite to the trend expected if the Coanda effect were
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Fig.4 Axial turbulence intensity profiles at Rep,=3.4x10" in an ini-
tially laminar jet having L/D=1.
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Fig.5 Axial mean velocity profiles at Rep=3.4x10* in an initially
laminar jet having L/D=1.

playing an important role in the problem. (Preliminary measure-
ments indicate that the Coanda effect can become quite significant
for narrower annular gaps and longer collars.)

Mixing Enhancement Using Counterflow

As an introduction to the effect of counterflow on the mixing of
axisymmeric jets, schlieren photographs were taken of the side
view of a jet at a Reynolds number of 7.8X10% the flowfield was
made visible by seeding the jet with sulfur hexafluoride. The pho-
tograph in Fig. 3a shows the streamwise development of the jet in
the absence of counterflow, which can be compared to a significant
increase in the visual spreading of the jet in the photograph of Fig.
3b taken at a velocity ratio of ~U,U, ~0.35; in both photographs
the jet was initially laminar with a collar extension of L/D=2.25.
Although proper interpretation of the flow conditions in Fig. 3b
requires the discussion to follow, we can state that the photograph
is quite representative of the jet behavior we observe in the pres-
ence of sufficient counterflow.

To establish the basic relationship between jet mixing and the
velocity ratio —U, /U, axial turbulence intensity and mean veloc-
ity profiles were taken in the jet at several Reynolds numbers; both
laminar and turbulent initial conditions were considered. In this
section, we will limit our discussion to the effect of the jet initial
conditions (i.e., D/8, and tripped vs untripped) on mixing. Conse-
quently, the collar length was held fixed at L/D=1. Axial turbu-
lence intensity profiles are shown in Fig. 4 for an initially laminar
jet at a Reynolds number of 3.4X 10* over a range of velocity ratios
between 0 and 42%. (The turbulence intensity u’ represents the
rms intensity of the streamwise velocity component on the jet cen-
terline.) The effect of counterflow can be most clearly seen by
comparing the profiles to the case without suction, namely when
—U,/U,=0. At low velocity ratios, the centerline disturbance lev-
els are suppressed in the jet near field, but the trend is abruptly

reversed near —U,/U,=0.2, leading to significant elevations in the
jet fluctuation level at higher velocity ratios. Another important
trend in the data is the upstream movement of the maximum turbu-
lence intensity in the jet as the velocity ratio is increased above
=U,/U,=0.2.

We anticipate that the elevated disturbance levels measured on
the jet centerline at high velocity ratios reflect the passage of larger
vortical disturbances than those present in the jet without counter-
flow. These large structures will undoubtedly be effective at
entraining the surrounding fluid and result in a more rapid decay of
the mean velocity on the jet axis. (Also see the discussion accom-
panying Fig. 12 regarding structure size.) The axial profiles in Fig.
5 support this description and illustrate the significant extent to
which mixing can be enhanced using counterflow. (The mean
velocity U represents the time average of the streamwise velocity
component on the jet centerline.) To place these results in perspec-
tive with earlier forcing experiments, we compared the data in Fig.
5 with the measurements of Crow and Champagne.! Under optimal
forcing conditions, they reported axial mean velocity data which
approximately correspond to the present results at —U,/U;=0.35.
Their measurements were made at a Reynolds number close to 10°
and for an initially turbulent jet, but, as we will show in the discus-
sion to follow, the mixing enhancement using counterflow is rela-
tively insensitive to these details.

Before we continue, a few comments should be made regarding
the observation at low velocity ratios that mixing can also be
inhibited with counterflow. The mean velocity data in Fig. 5 are
consistent with the suppressed turbulence levels shown in Fig. 4 at
velocity ratios of 0.05 and 0.2, indicating smaller vortical struc-
tures in the jet shear layer and consequently less entrainment of the’
surrounding fluid. Earlier work!"!3 revealed that self-excitation of
the jet shear layers very close to the nozzle lip was responsible for
the turbulence suppression and reduced mixing in the jet. Although
this phenomenon is interesting, it appears to be limited to rela-
tively clean jets. We have not observed the suppression effects at
significantly higher Reynolds numbers, or under initially turbulent
conditions. The interested reader is referred to the preceding refer-
ences and the work of Zaman and Hussain® for additional discus-
sion of this effect.

The axial turbulence intensity profiles in Fig. 6 measured under
tripped boundary-layer conditions display the same trends
observed earlier in Fig. 4. In fact, a comparison of Figs. 4 and 6
reveals that equivalent peak turbulence levels occur at approxi-
mately the same velocity ratio. The turbulence suppression effect
reported in the initially laminar jet was not evident in the presence
of the trip ring because the shear-layer instability mechanisms
were disrupted. The turbulence data of Fig. 6 together with the cor-
responding mean velocity data in Fig. 7 indicate that the jet
response to counterflow is quite robust and relatively insensitive to
the jet initial conditions. To test this observation further, we intro-
duced a coarse screen in the jet exit plane which effectively dis-
turbed the jet in the shear layer and core regions. The screen had a
49% open area ratio and a mesh length equivalent to ~D/20. The
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Fig.6 Axial turbulence intensity profiles at ReD=3.4><104 in an ini-
tially turbulent jet having L/D=1.
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centerline turbulence intensity measured without suction at x/D=1
was elevated from 0.15 to 1.5% by placement of the screen. Under
the influence of the screen, we measured turbulence intensity and
mean velocity profiles virtually identical to those presented in
Figs. 6 and 7.

A summary of the jet response to initial conditions is provided
in Fig. 8. The extent of mixing in the jet is represented by a single-
point measurement of the centerline mean velocity at x/D=5. For
velocity ratios below 15 to 20%, the jet displays some dependence
on initial conditions, but these differences vanish at higher levels
of reverse flow. Although detailed studies were not undertaken at
all intermediate Reynolds numbers, the data in Fig. 8 provide con-
vincing evidence that mixing enhancement is possible under a
wide range of conditions using counterflow. Furthermore, these
data suggest that the phenomena just reported are insensitive to jet
curvature D/6, and independent of jet Reynolds number for veloc-
ity ratios above a critical value.

Jet Frequency Response

Power spectra of the streamwise velocity fluctuations were
examined on the jet axis to obtain a more complete understanding
of the time-averaged jet behavior described in the preceding sec-
tion. The spectra presented below were acquired at a sampling rate
of 4 kHz and averaged over 256 data records of 1024 points, pro-
viding a spectral resolution of ~2 Hz. The streamwise evolution of
the power spectral density was obtained at Re,=3.4X10* for an
initially laminar jet. We again restrict our discussion to the collar
extension having L/D=1.

Figure 9 shows typical spectra in the jet without counterflow.
The spectra in Fig. 9 were obtained over the streamwise distance
of 0.5<x/D <5 which is essentially everywhere within the core of
the jet (see, e.g., Fig. 2) and therefore reflect the potential flow
oscillations imposed on the core by the vortical activity within the
jet shear layers. Between the axial locations of x/D=0.5 and 3, a

P

PENS U IS S ST SN B

x/D

Fig.7 Axial mean velocity profiles at Rej,=3.4X 10* in an initially tur-
bulent jet having L/D=1.
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Fig.8 Mean velocity measured on the jet centerline at x/D=5 for a
collar extension L/D=1.
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Fig.9 Power spectral density in an initially laminar jet at
Rej,=3.4X10* without reverse flow. The collar length is L/D=1.
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Fig.10 Power spectral density in an initially laminar jet at
Rep=3.4x10" at a velocity ratio of —U,/U;=0.33. The collar length is
L/ID=1.

reduction in the dominant frequency by a factor of two can be
observed, due to vortex pairing in the shear layer. Downstream
of x/D=3, the dominant frequency continues to decrease due to
the convective nature of the instability and the downstream evolu-~
tion of the time-averaged flowfield. When the velocity ratio is ele-
vated above a critical lével, to be defined shortly, the streamwise
spectral evolution in the jet is fundamentally altered. Figure 10
shows this development at Re,,=3.4X10* for the velocity ratio of
—U,/U,;=0.33. The striking feature of Fig. 10 is the spatial
invariance of the spectral distribution in the jet. The entire near
field of the jet is excited by an unstable global mode acting at a
“single” frequency. The amplitude of this unstable global mode
increases with velocity ratio and effectively forces the jet, giving
rise to the enhanced mixing observed earlier.

To identify the nature of the frequency scaling of the global
mode in the jet, streamwise spectral records were also obtained at
other Reynolds numbers between 3.4X10* and 1.1X10%, and for
laminar and turbulent initial conditions. We selected the dominant
frequency f on the jet centerline at x/D=1 as being representative
of the global instability. When the streamwise spectral distribu-
tions display spatial invariance, the global mode frequency can be
measured with reasonable certainty anywhere within the jet near
field. However, the strength of the oscillations are relatively weak
in the nozzle exit plane (x/D=0) and become broadband soon after
x/D=~2. Consequently, we gathered the frequency data at x/D=1
where the global mode amplitude was significantly above the
background disturbance level for all flow conditions reported here.
At the lower velocity ratios where the spectral behavior varies spa-
tially, the measurement at x/D=1 is representative of the local dis-
turbances only.

The dominant frequency at x/D=1 was nondimensionalized
with the jet diameter and the forward velocity in the jet exit plane
forming the traditional Strouhal number fD/U,. The frequency data
is summarized in Fig. 11 for an extension collar of L/D =1. At low
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Fig.12 Disturbance wavelength measured in the jet core at
Rep,=3.4x10" for a collar extension of L/D=1.

velocity ratios, the initially laminar jets are dominated by the shear
layer vortex dynamics and scale with the initial shear layer
momentum thickness 6, and not the jet diameter. Consequently,
our fixed observation point at x/D=1 will capture the shear layer
activity at different stages of development. [A proper scaling of the
shear layer region requires a normalization in the streamwise coor-
dinate Rx/\, where R=(U,—U,)/(U+U,) and \ is the disturbance
wavelength; see Strykowski and Niccum!? for more details.] Also
note that the Strouhal number measured in the initially turbulent
jet without suction does not correspond to the typical value
reported in the literature of ~0.35 because it is measured at x/D=1
and not at the end of the potential core where this information is
usually obtained.

Streamwise ‘spectral distributions were obtained for all laminar
and turbulent flow conditions in a similar fashion to those repre-
sented in Fig. 10. Independent of initial conditions, these spectra
were observed to be spatially invariant when the velocity ratio was
increased above =20%. The data in Fig. 11 confirm that the global
mode frequency at velocity ratios above ~20% is independent of
the jet curvature D/8, and the initial turbulence level of the jet
shear layers. Hence, the frequency data in Fig. 11 can be used to
define a critical velocity ratio (—U,/U,),, =0.2 separating those
jets displaying spatial variations in spectral evolution (purely con-
vectively unstable) and those characterized by a single dominant
mode (globally unstable).

Although the data in Fig. 11 indicate that the global mode fre-
quency is independent of D/6, at velocity ratios above 20%, the
present study was not sufficiently exhaustive to determine the
appropriate combination of length scales governing the instability.
In fact, the data presented in the next section will show that the
collar length L is at least as important as D in determining the
nature of the instability. At this point the satisfactory collapse of
the frequency data in Fig. 11 is simply a reflection of the fact that
L, D, w, and the extension collar shape were held constant. The

selection of U, to normalize the frequency was chosen over the
average velocity (U,+U,)/2 or the difference velocity (U,—U,) to
eliminate the influence of U, in both the abscissa and ordinate of
the plot. At velocity ratios above 20%, the data will collapse using
either alternative velocity scale; however, the scatter is slightly
larger in either case due to the higher uncertainty in our estimates
of U,.

A closer examination of Fig. 11 reveals that the global mode fre-
quency f decreases as the velocity ratio is increased. We would like
to know whether the frequency reduction is due to larger vortical
disturbances in the jet as hypothesized earlier. We expect that the
phase velocity of disturbances in the jet near field would decrease
with increasing velocity ratio as the disturbance convection speed
should be roughly proportional to the average velocity of the coun-
tercurrent streams (U,+U,)/2. Hence, it is difficult to predict from
the frequency data alone whether the wavelength N\ of the global
mode oscillations will increase or decrease with velocity ratio.

To obtain a more complete physical understanding of the mech-
anisms responsible for mixing enhancement at the higher velocity
ratios, the disturbance wavelength was measured directly using
standard space-time correlation techniques. Two diametrically
opposed hot wires were positioned within the potential core region
of the jet at a Reynolds number of 3.4 X10* under laminar flow ini-
tial conditions and using the extension collar having L/D=1. One
hot wire was fixed at x/D=1 and the other was traversed in the
streamwise direction to determine the disturbance wavelength as
shown in Fig. 12. The data suggest that the disturbance wavelength
increases monotonically with velocity ratio. Hence, the vortical
disturbances in the jet increase their scale as the velocity ratio is
increased indicating why the global mode oscillations are such
effective devices for augmenting mixing between the jet and the
surrounding fluid.
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Fig.13 Axial turbulence intensity profiles at Re;,=3.4x10* in an ini-
tially laminar jet having L/D=2.25,
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Fig.14 Axial mean velocity profiles at ReD=3.4><104 in an initially
laminar jet having L/D=2.25.
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Fig.15 Mean velocity measured on the jet centerline at x/D=5 for an
initially laminar jet at Rep,=3.4X10%,

Effect of Collar Length

The results presented thus far have examined the effect of coun-
terflow on the enhancement of mixing in circular jets for a range of
initial conditions, but were limited to a fixed nozzle geometry hav-
ing a collar extension L/D=1. To determine the dependence of jet
mixing on L/D, a series of collar extensions were made for L/D
between 0 and 3; all collars were machined with a divergence half-
angle of 7 deg and an outer radius of curvature of 1.27 cm. The
study was limited to an initially laminar jet at a Reynolds number
of 3.4X10* and an annular suction slot width of w/D=0.5.

Axial turbulence intensity and mean velocity data are presented
in Figs. 13 and 14 for one of the longer collar extensions having
L/D=2.25, and should be compared to the data in Figs. 4 and 5
obtained under the same flow conditions but with the collar exten-
sion of L/D=1. The general trends of the data are in qualitative
agreement, but a closer examination reveals that similar levels of
mixing can be achieved with significantly less suction when
employing the longer extension collar. For example, for an exten-
sion collar of L/D=1; a peak turbulence level of 17% was attained
at 42% reverse flow; however, with the longer collar (L/D=2.25) a
similar peak turbulence intensity was achieved at almost half of
the reverse velocity of 24%.

A comparison of the performance of many extension collars is
given in Fig. 15. Again, we use the mean velocity obtained on the
jet centerline at x/D=35 as representative of the extent of mixing in
the jet. The effect of reverse flow on the jet development can be
seen to be quite small at low velocity ratios for all collars. As the
velocity ratio is increased, it becomes apparent that significantly
less suction can be used to enhance mixing with longer collar
extensions. It is also clear that the critical velocity ratio must be a
strong function of L/D. These results are quite encouraging and
indicate that appropriate collar design can significantly reduce the
volume of air which must be drawn through the collar system. We
are currently examining a number of collar designs to determine
the optimal combination of collar length, width, and divergence
angle.

Discussion and Conclusions

In this paper we have outlined a new control technique which
produces global oscillations in an axisymmetric jet leading to sig-
nificant increases in jet mixing. The physical mechanism responsi-
ble for the phenomenon was described as the consequence of jet
self-excitation due to the countercurrent mixing in the jet shear
layer. Pending a more complete examination of the flowfield
development under stationary as well as transient conditions, our
present findings represent strong indirect evidence of self-excita-
tion in the jet with counterflow. This evidence consists of the fol-
lowing observations: 1) Above a critical velocity ratio, oscillations
emerge in the jet at essentially a single characteristic frequency.
This spatially invariant spectral behavior is characteristic of a glo-
bal mode in the jet, i.e., an instability which involves the participa-
tion of the jet as a whole, in sharp contrast to flows whose spectral

character evolves spatially. 2) An important characteristic of a self-
excited instability is the insensitivity to external forcing.!*
Although an exhaustive study of the effect of external forcing was
not undertaken, we did subject the jet to a range of initial condi-
tions including the random background forcing imposed by trip-
ping the boundary layer and the placement of a screen in the jet
exit plane. The tripping devices were responsible for an order of
magnitude increase in the disturbance level at the jet exit, but had
essentially no effect on the jet development for velocity ratios
above the critical value.

From a practical standpoint, it is essential to develop control
techniques which do not rely on external feedback loops or fragile
sensors and actuators. The feedback of information must be
through the vorticity field, thereby establishing a passive and
robust means of excitation. In the circular jet, this is possible by
applying suction around the jet periphery above a threshold veloc-
ity ratio. Measurements made in both clean and disturbed jets over
a range of Reynolds numbers indicate that global oscillations
emerge in the presence of counterflow and are responsible for
enhanced mixing. Preliminary measurements made in high-speed
heated jets for both subsonic and supersonic Mach numbers'>
reveal that counterflow is indeed a robust approach to flow control
in axisymmetric jets.

One important consideration in the design of counterflowing
nozzles for high-speed mixing chambers will be to minimize the
volume of fluid drawn through the reverse flow collar for a given
level of mixing. Large reverse volumetric flow rates are disadvan-
tageous both because of the necessary power requirements and
because the reverse flow is removed from the mixing chamber
itself. (In engine applications, large reverse velocities should be
avoided because of the associated negative thrust which they
develop.) Our measurements indicate that the reverse velocity can
be significantly reduced by changes in the nozzle geometry, in par-
ticular the length of the extension collar L/D. More work needs to
be done here to optimize the nozzle design including collar diver-
gence and width. For instance, preliminary measurements indicate
that the width of the annular slot w/D has a strong effect on the jet
mixing. When w/D was reduced from 0.5 to 0.25, the velocity ratio
necessary to achieve similar axial peak turbulence levels was also
reduced by approximately a factor of two. Once the interrelation-
ship between the geometrical parameters of L/D, w/D, and collar
shape are more completely understood, radial as well as axial
velocity measurements need to be obtained to provide a complete
picture of the jet entrainment field.

Although the Coanda effect was ruled out as playing a dominant
role in the jet dynamics when w/D=0.5, this effect was observed to
be much more significant when w/D was reduced to 0.25. Recent
work by Reynolds' has examined several unique nozzle designs
which exploit the Coanda effect to dramatically alter mixing in
coannular flowing jets. Perhaps by combining the attributes of self-
excitation and the Coanda effect, jet mixing can be effectively
altered under more realistic operating conditions than we have
examined here.
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Artificial Space Debris: Technical and Policy Issues

ngineers, scientists and policymakers involved with aerospace
E activities need to be aware of the complex nature and hazard of
artificial space debris. Updates and insights from the most recent
research will be provided to keep you current with this dynamic field.
Everything from general information on space debris to its sources, def-
inition, analysis tools, modeling techniques, hazard assessment, mitiga-
tion methods, and developing laws and regulations will be covered in this
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