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Experimental Study of a Compressible Countercurrent
TYirbulent Shear Layer
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A countercurrent shear layer with a nominal connective Mach number (Mc) of 2 is generated using a unique
arrangement. The shear layer growth rates were found to be twice that of conventional, coflowing shear layers
at comparable Mc. It is hypothesized that the countercurrent shear layer becomes self-excited, leading to a mod-
ification of the turbulent properties. Instantaneous flow visualization images clearly reveal the presence of large,
highly convoluted, turbulent structures believed to be responsible for the enhanced growth rates. The flowfield
was also examined for the presence of eddy shocklets that have been observed in numerical simulations under
similar compressible flow conditions. Even though the countercurrent flowfield appears to satisfy the criteria for
the creation of shocklets, a careful and thorough search revealed no evidence of their presence.

Introduction

IN recent years, the mixing characteristics of compressible shear
layers have been the subject of intensive research. This is primar-

ily the result of the limitations they impose upon the performance
of air-breathing supersonic propulsion systems. Classic studies of
turbulent shear layers by Brown and Roshko1 and Papamoschou
and Roshko2 have afforded considerable insight into the behavior
of compressible, turbulent shear layers/Based upon their extensive
study, Papamoschou and Roshko2 confirmed that the compressibil-
ity effect is fundamentally responsible for the reduced mixing in
such shear layers. A compressibility parameter called the convective
Mach number Mc, originally proposed by Bogdanoff,3 appeared, to
a large extent, to account for compressibility effects in coflowing

; shear layers.
Although the convective Mach number effectively unifies a large

body of experimental results, recent studies by Papamoschou4 and
Bunyajitradulya and Papamoschou,5 among others, have shown that
the concept of a single convective Mach number may not be univer-
sally applicable. Several hypotheses for the behavior of compress-
ible shear layers have been proposed.6"8 Clemens and Mungul6

and Shau et al.7 noticed a transition from highly organized, two-
dimensional structures to irregular, three-dimensional structures, as
the convective Mach number was increased. They suggested that this
evolution in dimensionality of the large-scale turbulence may be par-
tially responsible for the reduction in mixing. Jackson and Grosch8

investigated the stability characteristics of compressible shear lay-
ers and discovered that the amplification rates of a certain family of
instability waves approached a constant value as Mc was increased,
a trend similar to the experimentally observed mixing rate behavior
of compressible shear layers. From the preceding discussion it is
clear that a unifying theory, which explains the underlying physical
mechanisms governing compressible mixing, still remains elusive.

Several studies have been undertaken to address the practical
need to enhance compressible mixing. Previous attempts at mixing
enhancement have been wide and varied. They range from geomet-
ric modifications to either the splitter plate trailing edge9 or the
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supersonic nozzles used to generate compressible shear layers,10 to
introducing swirl and stream wise vorticity into the flow,10'11 to the
acoustic excitation of the shear layer instabilities.12 To the authors'
knowledge none of these experiments, which almost exclusively
concentrated on coflowing shear layers, were able to significantly
augment mixing without an associated drawback. Any appreciable
enhancement in mixing was invariably associated -with a penalty
on performance, such as significant thrust loss in supersonic jets.
Clearly a more novel approach is needed.

Countercurrent Shear Layers
Recently, Strykowski et al.13 employed an innovative approach

to generate an axisymmetric countercurrent shear layer, a mixing
layer in which the two freestreams are in opposing directions in the
laboratory frame of reference. Their results demonstrated that the
mixing rates in the countercurrent shear layer at Mc = 0.82 were
significantly higher (by as much as 60%) than the corresponding
coflowing shear layer at the same convective Mach number. In ad-
dition to the simplicity of implementing this technique, the elevated
levels of shear were achieved without any appreciable loss in thrust.

Parameters that primarily determine the development of coun-
tercurrent shear layers include the density ratio S = p2/' p\, the
convective Mach number Mc = (U\ — U2)/(ai + a2)» and the ve-
locity ratio R = (U\ — U2)/(Ui + C/2), where the subscripts denote
the two freestreams. Studies14 have shown that the plane coflowing
shear layer is convectively unstable at all density ratios and values
of Mc. In contrast, if the velocity ratio is increased above unity, a
state only possible in countercurrent shear layers, the shear layer
can become absolutely unstable. Very briefly, a convectively unsta-
ble flow is one in which the amplified instability waves have a group
velocity at which they are convected away from the source of the dis-
turbance. In contrast, in an absolutely unstable flowfield, instability
waves can remain stationary in space but experience amplification
with time.15 If a finite region of the velocity field is absolutely un-
stable, then the flow may become self-excited,16 which could lead
to enhanced mixing rates such as those observed in counterflowing
shear layers. For a more detailed discussion of stability issues, the
interested reader is referred to Refs. 13-16.

The enhanced mixing in countercurrent shear layers and the po-
tential applications based on this enhancement make the study of
this flowfield particularly attractive from a practical perspective (see
Ref. 13 for the application of counterflow in thrust vectoring). The
relatively unexplored fluid dynamics and the possibility of an in-
herently different instability mechanism governing the growth of
counterflowing shear layers makes this a challenging fluid dynam-
ics problem.

The primary goal of the present work is to extend the convective
Mach number range of the previous study13 to Mc « 2, to charac-
terize the behavior of this highly compressible countercurrent shear
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layer and to study the flow physics governing its behavior. One
of the crucial questions to be answered is whether the significant
enhancement in mixing achieved in countercurrent shear layers at
Mc « 0.82 can be observed at higher convective Mach numbers. In
addition to our primary test case with maximum counterflow (i.e.,
Mc &2, countercurrent shear layer) the effect of varying the degree
of counterflow on shear layer mixing characteristics is explored in
some detail. A brief discussion of the possible physical mechanism
responsible for this behavior is also provided.

A secondary objective was to experimentally verify the existence
of eddy shocklets in highly turbulent compressible shear layers. Di-
rect numerical simulations by Lee et al.17 have demonstrated the
existence of these shocklets in highly turbulent flowfields. Their
results show a marked increase in the compressible turbulence dis-
sipation in the vicinity of the shocklets. It has been suggested that the
increase in dissipation may be partially responsible for the reduction
in the mixing rates of compressible shear layers.18 Although eddy
shocklets have been found in numerical simulations, to the authors'
knowledge no conclusive experimental evidence of their existence
is currently available. The current flowfield would meet the neces-
sary requirements, as stipulated by Lee et al.,17 for the generation
of eddy shocklets. To this end, we explored our flowfield for eddy
shocklets via highly detailed flow visualization experiments.

Experimental Facility and Techniques
Facility

The experiments were conducted in a newly constructed facility,
specifically built to produce an Mc « 2 countercurrent shear layer.
An abbreviated sketch of the test facility is shown in Fig. 1. Two
rectangular nozzles with straight side walls and an exit aspect ratio
of 6.5 (5 x 32.5 mm) were designed using a method of character-
istics approach to produce a Mach 2, two-dimensional, ideally ex-
panded flow. A settling chamber upstream of the converging section
of the nozzles is equipped with a set of flow-conditioning screens
and pressure and temperature ports for monitoring the stagnation
conditions. To facilitate subsequent presentation and discussion of
results at various test conditions, all relevant parameters, such as
the vertical and horizontal jet separation (S and D, respectively),
the Cartesian coordinate frame, etc., have been clearly labeled in
Fig. 1.

The jets can be operated continuously in blowdown mode for
approximately 20 min, thus providing ample test times. The nomi-
nal test conditions for producing ideally expanded Mach 2 flow in
ambient air (101 kPa) are as follows: jet exit Mach number = 2, stag-
nation (total) pressure = 793 kPa, total temperature = 290-300 K

(temperature drops slowly during a long test), and unit Reynolds
number = 100 x 106. All the values are based on the jet potential
core properties.

Figure 2 depicts a flowfield schematic and a time-averaged
schlieren image of the countercurrent shear layer. As seen in the
figure, the nozzles are positioned in opposing directions and the ver-
tical distance (y direction) between them is adjusted such that the
opposing shear layers, produced by the two counter-flowing Mach 2
free jets, just graze each other. In this way, we are able to produce a
two-dimensional, countercurrent shear layer with high mean shear
and a nominal convective Mach number of 2. This arrangement
also allows us to vary the distance between the two shear layers,

Fig. 2 Flowfield schematic and time-averaged schlieren image of
Mc w 2 countercurrent shear layer.
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Fig. 1 Schematic of countercurrent test facility.
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thus permitting us to effectively control the amount of counterflow
between the two shear layers.

Diagnostic Techniques
The experimental program relies on several measurement tech-

niques. The principal diagnostic techniques are as follows: conven-
tional pitot probe surveys, to obtain the mean pitot-pressure profiles
and shear layer growth rates; fluctuating pitot and static pressure sur-
veys, using fast response (~50 kHz) pitot and static pressure probes,
to obtain turbulence properties (these results are presented in a sep-
arate publication19); schlieren photography, to provide qualitative
information regarding the mean and turbulent characteristics of the
flowfield; and flow visualization using planar laser scattering (PLS),
also called the laser light sheet technique, to provide nonintegrated
images of the turbulent structures.

Pitot Surveys
The small physical scale of the flowfield required the use of an ex-

tremely small pitot probe. A pitot probe with a rectangular opening
approximately 0.1 mm high and 0.4 mm wide was made by flatten-
ing a small diameter stainless steel hypodermic tube. The probe is
traversed using a high-resolution indexer/stepper-motor with a step
size of 0.0127 mm (0.0005 in.). The combination of the small probe
and the high-resolution traversing mechanism allowed for very de-
tailed pitot surveys.

Flow Visualization
A white light spark source with a pulse duration of approximately

10 /zs was used in a conventional z-type schlieren system to obtain
integrated, instantaneous, and mean images of the shear layer. In
all of the images presented in this paper, a horizontal knife edge
was used at the cutoff plane to accentuate the gradients in the shear
layers.

Two Spectra Physics Nd:YAG lasers (model OCR-11, pulse dura-
tion ~10 ns) were used as the source for the PLS flow visualization
study. The simultaneously triggered lasers (pulse separation <5 ns,
and total energy of approximately 180 mJ/pulse) produced a very
thin and very bright light sheet using a combination of two spherical
and two cylindrical lenses.20

The flowfield was seeded with 99.9% ethyl alcohol (ethanol) with
a mass loading of less than 0.1 %. Aerosols such as ethanol and water
vapor are routinely used to visualize supersonic shear layers; com-
putations by Squires and Eaton21 have shown that mass loadings of
less than 1% have a negligible effect on the turbulent characteris-
tics of the flowfield. Clemens and Mungul22 conducted a detailed
investigation of the behavior of condensed ethanol in supersonic
shear layers under similar conditions and concluded that submicron
(<0.1 ju-m) particles accurately track the flow.

In principle, the brightness of a PLS image is proportional to the
local fluid density, and thus high-density regions such as those fol-
lowing shock waves appear very bright. In high-temperature zones
their may be some evaporation of the droplets that may reduce the
image brightness, but this usually occurs for significant tempera-
ture jumps such as that across a strong shock wave. Nevertheless,
even strong shock waves are still clearly visible as sharp bright lines
that are sometimes followed by a local dark region because of the
evaporation of part of the ethanol. For moderate to weak shocks
the temperature effects are usually not significant, at least to a first
order. Hence the PLS technique is ideal for visualizing the shear
layer flowfield including any shock waves that might be present.

For an accurate implementation of the PLS technique, it is essen-
tial that the flow be uniformly seeded so as not to bias the image
intensity. To this end, the high pressure air from the primary storage
tanks is first routed through a secondary tank (see Fig. 1). During
a PLS experiment, ethanol is simultaneously injected into the sec-
ondary tank where it is thoroughly mixed with the high-pressure air
supply, thus ensuring uniform seeding of the jet flows.

Both the schlieren and the PLS images were recorded using one
of the two available digital charge-coupled device (CCD) cameras:
Kodak MegaPlus, Model 4.2, resolution 2048 x 2048 pixels, and Ko-
dak MegaPlus, Model 1.4, resolution 1024 x 1024 pixels. Schlieren
and PLS images were also recorded on S-VHS videotape (standard

30-Hz framing rate) using a Panasonic high-resolution (512 x 480
pixels) CCD video camera.

Results and Discussion
To sustain the anticipated elevated turbulence levels, based on the

findings of Strykowski et al.,13 the shear level was maximized by
bringing the two opposing flowstreams as close as possible. Fur-
thermore, we also had to ensure that the flowfield, though highly
turbulent, was well behaved in the mean. An unsteady (in the time-
averaged sense) or pathological shear layer was clearly not desirable.
In light of these constraints, several combinations of the streamwise
and transverse jet separations (corresponding to S and D, respec-
tively in Fig. 1) were attempted. A sufficiently large and stable
mean flowfield was obtained for S = 12.7 mm (S/h & 2.5) and
D = 37.5 mm(D/h = 7.5). This combination, which also corre-
sponds to the flowfield with maximum counterflow and mean shear,-
serves as our primary test case. For all other cases D was fixed at
37.5 mm, and the amount of counterflow was controlled by adjusting
the transverse distance 5.

A summary of the test cases and the corresponding measurements
is presented in Table 1. A check mark / indicates that a certain type
of diagnostic technique was used. As seen in the table, the separation
S is incremented by roughly half the nozzle height (h/2) between
adjacent cases. Larger jet separations were also investigated us-
ing flow visualization. However, as the following results will show,
incrementing the separation beyond case 4 does not produce signif-
icantly different flowfields; hence these cases will not be discussed.
Note that the primary test case (i.e., the shear layer with maximum
counterflow) corresponds to case 1.

Mean Flowfield
Flow Visualization

A typical time-averaged (average of 30 images) schlieren image
corresponding to the primary test case, case 1, is shown in Fig. 2.
To get a sense of the physical length scales involved, realize that the
jets have a width of 5 mm at the nozzle exit. The schlieren image in
Fig. 2 shows the opposing shear layers grazing each other, whereas
the mean flowfield appears to be well behaved. In contrast, if the jets
are moved any closer, the mean flowfield becomes very unsteady,
resulting in a flapping motion of the two jets. A closer look reveals
that the width of the shear layer with counterflow is significantly
higher than the corresponding shear layer without counterflow. This
can be verified by comparing the upper shear layers from both jets,
which appear dark, at corresponding axial locations. For example,
at roughly 6 mm from each nozzle exit (z/ h & 1.2) the approximate
widths of the shear layers have been marked by white lines and the
upper shear layer from jet 2 appears to be twice the width of the
upper shear layer from jet 1.

The enhanced growth rate in the countercurrent shear layer is
further evidenced by the short extent of the potential cores of the jets.
The potential core of a jet is defined as the inviscid region between
the two shear layers where the average Mach number is nominally
constant. In a schlieren image the potential or inviscid core of a jet is
usually indicated by the presence of waves. As seen in the schlieren
image, the core terminates between z/h & 2-2.5. This is in sharp
contrast to the potential core length of a free jet, where the inviscid
cores usually persists eight to ten jet heights downstream. Such a
case is presented in Fig. 3, which shows a mean schlieren image of a
single jet (jet 1); the lower nozzle is at the relative location for case
1, but the flow has been turned off. The visual shear layer growth

Table 1 Summary of test cases

Case
no.

1
2
3
4
5
6

S, mm

12.7
15.2
17.8
20.3
22.9
25.4

Flow visualization
Schlieren PLS

/ /
/ /
/ /
/ /
/ /
/ /

Pitot surveys
Jet centerline

/
v^
/
/
S

——

Shear layer
/
/
/
/

——
——
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Fig. 3 Time-averaged schlieren image for jet 1 only.

Fig. 4 Centerline, axial Mach number profiles: o, S/h = 2.54 (freejet);
•, S/h = 2.54 (case 1); and A, S/h = 3.6 (case 3).

rate of the freejet lies well within the scatter of published data2'6'13

for coflowing shear layers. (The graininess is a result of the lower
resolution of this image that was digitized from videotape; all other
images shown were captured directly via digital cameras.)

Pilot Surveys
The extent of the potential core was quantified by obtaining axial

Mach number profiles for cases 1-5. The Mach number was cal-
culated using the measured pitot pressures and assuming constant
static pressure (equal to ambient pressure). For the sake of clarity,
only the profiles for cases 1 and 3 are plotted in Fig. 4, along with
the axial profile for a single jet. (The slight overshoot in the cen-
terline pitot pressure at z/h & 1 is due to the weak waves seen in
Fig. 2. Researchers7-23 have demonstrated that the presence of weak
to moderate compression wave does not alter the global shear layer
growth rates.) The potential core for the single jet persists for at least
eight jet widths,, whereas the cores for counterflowing jets, shown
as filled symbols, decay much more rapidly. The approximate lo-
cations where the potential cores terminate are marked by arrows.
By comparing cases 1 and 3, the effect of varying the counterflow
becomes evident.

To further examine this behavior, a plot of the potential core
length as a function of jet separation is shown in Fig. 5 where all
of the dimensions are normalized by the jet height. In this and all
subsequent plots, uncertainty bars have only been indicated for one
point. On a given plot such bars are representative of the uncer-
tainty at all points. In Fig. 5, case 1 has the shortest potential core
terminating around z/h ^ 2.2. Proceeding from cases 1 to 2, an
increase in jet separation S results in an increase in the core length.
A further increment in S leads to a very dramatic increase in the
core length, evident by the break in the plot; additional increments
do not affect the core length appreciably. Similar behavior was also
visually observed in the mean schlieren images.

1 4
£
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CaseS
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4.0 4.5 5.0

Fig. 5 Effect of jet separation on potential core length.
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Fig. 6 Shear layer pitot surveys for case 2 with jet 1, and z/h
normalized pitot profile and b) slope profile.

0.5: a)

Detailed pitot surveys across the shear layer were also conducted
at several stream wise locations to measure the pitot shear layer thick-
ness Sp^ and shear layer growth rate. Instead of using the conven-
tional definition2 of 0.05APpitot - 0.95APpitot to estimate 5pitot, a
slightly different method is used, as discussed. The accuracy of
the standard definition is primarily dependent upon how well the
freestream pitot pressures can be defined. This is generally not an
issue when the flow is wave free. However, in the presence of waves,
even fairly weak ones, the definition of freestream pitot pressure lev-
els becomes more subjective. In support of this, we present Fig. 6a,
that shows a pitot pressure profile across jet 1 for case 2 at z/h = 0.5.
The pitot pressure has been normalized by the settling chamber total
pressure. The waves in the potential core lead to a nonuniform pitot



732 ALVI, KROTHAPALLI, AND WASHINGTON

2.5

2.0

i,5

1.0

2.0 2.5 3.0 3.5 4.0 4.5

S/h
Fig. 7 Shear layer growth ratio of as a function of jet separation (S/h):
^ipper» shear layer without counterflow and £,'ower, shear layer with
counterflow.

pressure in the core that may introduce an uncertainty in the pitot
thickness definition. We addressed this issue by recognizing that the
most distinctive characteristics of shear layers are the steep pressure
gradients. Consequently, by plotting the absolute slopes |dPpitot/dv|
as a function of position, we can delineate the extent of the shear
layer more easily. Such a plot, corresponding to the profile of Fig.
6a, is shown in Fig. 6b. The shear layers are represented by the two
hills in the plot. The edges of the shear layer are defined as the points
where the absolute change in slope between adjacent points is less
than 5% of the maximum slope (the peaks in Fig. 6b).

The validity of this criterion was checked by comparing the
growth rates of a free jet shear layer with published data. This def-
inition also proved to be much more robust and more consistent
than the conventional approach, especially in regions with waves.
The filled symbols in Fig. 6 indicate the shear layer edges picked
using this definition. Figure 7 shows a plot of the growth rates as a
function of jet separation for cases 1-4. To emphasize the effect of
counterflow, the ratio of the lower and upper shear layer growth rates
is plotted in the ordinate. Although only data for jet 1 are shown,
the mixing layers in both jets behave identically due to the flowfield
symmetry. For cases 1 and 2, the lower, countercurrent shear layer
grows almost twice as fast as the upper, free shear layer. For a larger
S the upper and lower shear layers grow at nearly the same rate.
These results further demonstrate the effectiveness of counterflow
as a means to significantly enhance shear layer entrainment. The
break in the plot between cases 2 and 3 (between S/h « 3 and
3.6), reminiscent of the behavior seen in Fig. 5, again suggests a
minimum threshold m the use of this technique.

One may argue that comparing the behavior of the outer shear lay-
ers (those that do not experience counterflow) with the inner shear
layers is not justified since the convective Mach numbers of the two
shear layers are very different. For example, the upper shear layer of
jet 1, with quiescent air on one side and M^ = 2 flow on the other,
has a convective Mach number of approximately 0.83. In contrast,
the lower shear layer experiences Mach 2 flow ori;either side and in
opposite directions leading to Mc « 2. However, in Fig. 7 we do not
compare the growth rate of the entire countercurrent shear layer but
rather that of the half the shear layer, one that extends from the po-
tential core of the jet to the region at which the velocity goes to zero.

To further clarify this, examine Fig. 8, which shows the velocity
profiles across the two jets for cases 1 and 3. The velocities are
calculated from the pitot measurements assuming a constant static
pressure; rather than representing the exact values they are used
here to illustrate a trend. Starting in the middle of jet 1 profile (top)
for case 1, we observe that the velocity varies from a maximum of
approximately 500 ,m/s from left to right, to 500 m/s in the opposite
direction. In doing so, it goes through a stagnation or zero velocity
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Fig. 8 Velocity profiles across the jets for cases 1 and 3: o, jet 1 and V,
jet2.

region marked as the dead air zone in the figure. In determining the
countercurrent shear layer growth rates shown in Fig. 7, the shear
layer thickness has been defined as the region extending from the
potential core to the dead air zone. Consequently, this half shear
layer, indicated as <$i in Fig. 8, with Mach 2 flow on one side and
zero velocity on the other, has approximately the same convective
Mach number as the upper shear layer. Also note that due to the flow
symmetry the growth rate of the upper half of the countercurrent
shear layer 8{ is the same as the lower half of the shear layer 8'2.

A qualitative examination of Fig. 8 affords further insight into the
behavior of the present flowfield. For case 1 the dead air zone is very
small, essentially a stagnation streamline, and the flow smoothly re-
verses direction through this region. In contrast, for case 3, this
region—where the mean velocity is zero—is fairly sizable extend-
ing approximately one jet height in the y direction. Intuition suggests
that although the mean velocity in this zone is essentially zero, for
small jet separations the flow would be highly turbulent. This is
indeed the case, as demonstrated in a subsequent discussion of the
turbulent flow properties. Consequently even though the convective
Mach number of the upper shear layer (thickness <$i) is defined in
terms of the mean velocity in this region, the dynamics of the shear
layer flow are determined by the fact that the entire countercur-
rent shear layer is bounded by freestreams in opposite directions,
making this region highly turbulent. Hence, the growth rates in the
countercurrent half shear layer at comparable Mc are substantially
higher. As the jet separation is increased, the size of the dead air
zone increases, and the turbulence levels decline19 until a limit is
reached beyond which both jets behave independently of each other.
Beyond this critical separation S, the inner shear layers no longer
feel the effect of counterflow and behave in the same manner as the
outer shear layers. As previously discussed, this appears to happen
between cases 2 and 3.

In the context of the preceding discussion, to study the Mc « 2
countercurrent shear layer it may be useful to examine the behavior
of the entire countercurrent shear layer, <5total, shear layer that is
bounded by Mach 2 flow on either side. The behavior of this shear
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Fig. 9 Total shear layer thickness as a function of jet separation at
z/h = 3.5.

layer, defined as the sum of two half shear layers 8\ and <52 (see
Fig. 8), is shown as a function of jet separation in Fig. 9. The inset
in the plot should serve to further clarify the definition of <$totai. This
figure represents measurements made at z/h = 3.5, but the same
trends are observed at any streamwise location. As expected, case 1
has a substantially higher shear layer thickness, and the curve begins
to flatten out for cases 3 and 4, reflecting the reduced influence of
counterflow at higher separations.

We now briefly discuss the possible mechanisms that may ex-
plain this behavior. As mentioned in the introduction, Strykowski
et al.13 also observed a substantial increase in the mixing rates of
axisymmetric countercurrent shear layers. More importantly, their
study revealed that counterflow was only effective for values of R
above a critical threshold. Prompted by their experimental results
the authors explored the stability characteristics of the countercur-
rent shear layer using spatiotemporal theory. Their analysis revealed
that for Mc < I the shear layers become increasingly stable with
increasing Mc. However, for Mc > I the opposite trend is observed;
namely, the countercurrent shear layer becomes increasingly unsta-
ble and more susceptible to a transition to absolute instability. Cor-
respondingly, the theoretical critical level of counterflow required
to achieve an absolutely unstable flowfield also decreases with in-
creasing Mc for Mc > 1.

The trends observed in our experiments are qualitatively very
similar to the experimental and theoretical results of Strykowski
et al.13 Specifically, we find that above a certain jet separation—in
essence, below a certain amount of counterflow—the countercur-
rent shear layers did not experience an increase in growth rates.
Once a critical counterflow value is exceeded, in our case, when
S < 17.8 mm (case 3), the countercurrent shear layer grows much
more rapidly. In addition, for small jet separations, the amount of
counterflow in the present flowfield far exceeds the critical levels,
predicted by spatiotemporal theory, needed to support an absolutely
unstable flow. Based on these observations and on the similarities
to theoretical14 and experimental24'25 studies at lower speeds, we
believe that circumstantial evidence suggests that a transition from
convective to absolute instability, ultimately leading to a globally
unstable flow, may be responsible for the elevated mixing rates in
the present countercurrent shear layer. The transition to global insta-
bility appears to be primarily a nonlinear function of the jet spacing
and occurs between cases 2 and 3. A more rigorous proof of the
instability mechanism would at a minimum require very detailed
measurements of the unsteady characteristics and the response of
the flowfield to moderate external forcing.15

If global instability is indeed the mechanism governing the dy-
namics of the present shear layer, then this flow is fundamentally
different from a coflowing shear layer governed by convective insta-
bility. Consequently, the validity of conventional analysis techniques
based upon coflowing studies may not always be applicable. For in-
stance, the practice of normalizing the compressible growth rates by

incompressible values may not be valid, especially at high levels of
counterflow. As an example, for case 1 where U2/ U\ « — 1, the stan-
dard definition2 yields an infinite incompressible pitot growth rate,
a value that clearly cannot be used to normalize the compressible
growth rates. Another significant consequence of the globally un-
stable nature of the shear layer is the fact that the limitations on its
size are now due to the physical boundary conditions, in this case
the finite height of the jet potential core. In other words, we suspect
that, for the globally unstable flowfields of cases 1 and 2, an increase
in jet height would lead to a proportional increase in <5totai (Fig. 9).
For such flows, the convective Mach number may no longer be a
relevant parameter.

One final note regarding the suitability of using an intrusive pitot
probe in a potentially global flowfield should be made. Sreenivasan
et al.26 investigated the effect of intrusive probes on the dynamics of
low-speed variable density jets. They found the region of influence,
defined as the streamwise distance from the nozzle exit over which
the probe can influence the stability characteristics, to decrease with
increasing jet Mach number. An extrapolation of their results to the
present flow conditions suggests that the region of influence in this
flow is much less than the first downstream station at which probe
surveys are conducted. This assertion is further supported by the
good agreement between our visual (nonintrusive) and pitot growth
rate measurements.

Before discussing the turbulent properties, we briefly summa-
rize the results presented so far. Using a variety of different meth-
ods, namely, potential core length (Fig. 5), shear layer growth rates
(Fig. 7), and total shear layer thickness (Fig. 9), we have demon-
strated that counterflow has a profound effect on shear layer growth
rates. The shear layers for case 1, and to a lesser degree case 2,
grow or entrain fluid at significantly higher rates. We believe that
this may be due to a fundamental difference in the dynamics of the
shear layers and suggest that a transition from convective to global
instability may occur for 17.8 mm > S > 15.2 mm (between cases
2 and 3). Based upon this evidence, we propose that case 1 (Mc « 2
countercurrent shear layer) and case 2 may be governed by global
instability, whereas case 3 (and onward) are governed by the con-
vective instability present in conventional coflowing shear layers.

Turbulent Flowfield
We expect that the increased entrainment of the countercurrent

shear layers is due to the modification of the large-scale turbulent

b)
Fig. 10 Instantaneous PLS images of the countercurrent shear layer:
a) side view and b) cross-sectional view.
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structures in the shear layer. Consequently, the turbulent flowfield
was examined using the PLS technique. Figure lOa depicts a side
view, and Fig. lOb shows a diametral view (cross-sectional view in
the x-y plane) of the turbulent flowfield corresponding to case 1.
Each image is exposed by a single laser pulse (duration <10 ns),
thus essentially freezing the structure, and is representative of the
turbulent flowfield for this case.

Both images show the presence of large, highly convoluted, vio-
lent structures that in many instances span the entire region between
the jet centerlines. In contrast, the structures in the outer shear lay-
ers, those without counterflow, are relatively small. The discrepancy
between the length scales of the large-scale structures is especially
evident in the diametral PLS view shown in Fig. lOb. The free shear
layer structures are very small with relatively little spatial coher-
ence, whereas those in the countercurrent layer are large, highly
convoluted, and three dimensional. An interesting result of the ex-
cursions of these large-scale structures into the primary jet flows
is the formation of compression waves around the structures. One
such wave has been marked in Fig. lOa. The size and the frequency
of appearance of the large-scale structures declined as the jet sepa-
ration was increased. Fluctuating pitot pressure measurements were
also conducted, using a fast response pitot probe, to quantify the
turbulence intensities.19 For case 1, the rms levels in the countercur-
rent shear layer are almost an order of magnitude greater than those
in the free shear layer, and the fluctuating intensity decreases with
increasing jet separation. These trends are consistent with the mean
flowfield measurements and suggest that the higher turbulence in-
tensities in the countercurrent shear layer are primarily responsible
for the enhanced growth rates.

Eddy Shocklets
As stated in the Introduction, computations17 of highly turbulent

flowfields have indicated the presence of eddy shocklets. However,
to the authors' knowledge such eddy shocklets have never been ob-
served experimentally, perhaps due to the strict requirements, as
suggested by Lee et al.,17 necessary for the formation of readily ob-
servable eddy shocklets. These include a primarily two-dimensional
flowfield with a high turbulent Reynolds number and a high turbu-
lent Mach number, conditions not easily simulated experimentally.
We believe that in the present study the flowfield with maximum
counterflow (case 1) possesses all of the properties stated earlier.
The mean flowfield is nominally two dimensional, and the large
length scales of the turbulent structures (Fig. 10), the very high fluc-
tuating pressure intensities,19 together with the high unit Reynolds
number, result in a high turbulent Reynolds number (estimated to
be >30) and a high turbulent Mach number.

Figure 10 clearly shows that the PLS technique is capable of
detecting the existence of even weak compression waves. As a log-
ical extension we assume that eddy shocklets, if present, would be
detectable using this technique, provided we have sufficient reso-
lution. Utilizing the high-resolution camera (2048 x 2048 pixels)
at the highest possible magnification, we examined the flowfield in
exhaustive detail for evidence of eddy shocklets. Figure 11 shows
two examples representative of the many PLS images that were ex-
amined. The magnification of the image shown in the figure is ap-
proximately 7.5 ju,m/pixel, the maximum feasible with the present
hardware. The streamwise widths of the regions shown in Figs. 1 la
and 1 Ib are approximately 3h and 2.5h (1.46 and 1.26 cm), respec-
tively. As a scale reference, a line of length h/2 (2.5 mm) has also
been drawn on these images.

According to the computational results,17 an eddy shocklet satis-
fies the shock jump conditions and must therefore appear as a shock
wave would in the PLS images. This implies that an eddy shocklet
would appear as a distinct and sharp line in the shear layer with an
abrupt change in the image brightness across it. To the best of our
ability we were unable to observe any such eddy shocklets. We must
caution the reader not to confuse the presence of shocklets or com-
pression waves in the jet flows with eddy shocklets. Figure 10 shows
ample evidence of compression waves in the jet flows (see earlier
discussion of Fig. lOa). However, an eddy shocklet is generated
because of the locally supersonic (relative to the surrounding flow)
convection of the large eddies and must be present in the shear layer.

Fig. 11 Magnified instantaneous PLS images of the countercurrent
shear layer in search of eddy shocklets.

In the context of this definition, we contend that no eddy shocklets
were visualized in the present flowfield.

This does not necessarily preclude the presence of eddy shocklets.
However, we can confidently state that, in a carefully conducted flow
visualization study with extremely high image resolution, we did not
observe the presence of eddy shocklets. If such shocklets are present,
their length scales are likely to be smaller than the resolution of the
PLS images. In such a case, one must question the significance of
these structures on the overall fluid dynamics of the flow.

Conclusions
We have successfully demonstrated the ability to generate a coun-

tercurrent shear layer at a very high convective Mach number. The
entrainment characteristics of this shear layer are found to be much
more favorable than those of coflowing shear layers. The enhanced
mixing is primarily because of the presence of large, convoluted,
three-dimensional turbulent structures not observed in compress-
ible coflowing shear layers. Based upon the similarity between this
and previous studies at lower convective Mach numbers, we sug-
gest that the present flowfield may be governed by global rather
than convective instability thus making it very different than the
conventional coflowing shear layers. We also propose that conven-
tional parameters and analysis techniques, primarily based upon
coflowing shear layer studies, may not always be applicable for
counterflowing shear layers. Finally, and most importantly, the effi-
cient mixing of this countercurrent shear layer, especially for such
highly compressible flows, makes this flow very attractive from a
practical perspective. . .
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