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A compressible countercurrent shear layer was investigated experimentally by
establishing reverse flow around the perimeter of a supersonic jet. Measurements
demonstrate that spatial growth rates of the countercurrent shear layer significantly
exceed those of the classical coflowing layer at comparable density ratios and levels of
compressibility. Experiments also reveal the presence of coherent three-dimensional
structures in the countercurrent shear layer at convective Mach numbers where similar
structures are not present in coflowing layers. It is argued that these kinematic
differences are responsible for the enhanced diffusion of the shear layer with
counterflow. The spatio-temporal theory is used to examine the connection between
the experimental observations and the existence of a transition from convective to
absolute instability in high-speed shear layers.

1. Introduction

The experimental work of Papamoschou & Roshko (1988), which examined the
effect of compressibility on free shear layer mixing, launched one of the most extensive
examinations by the fluid dynamics research community in the last decade. Although
Bogdanoff (1983) and Chinzei et al. (1986) considered the unique role of compressibility
somewhat earlier - proposing a unifying parameter later called the convective Mach
number — the experiments of Papamoschou & Roshko isolated the effect of
compressibility from the other important parameters including density ratio, velocity
ratio, and specific heat ratio. Their research quantified a rather disturbing trend, which
was observed much earlier and reported in the work of Birch & Eggers (1973), namely
that mixing is significantly suppressed as the convective Mach number is increased.
This effect motivated a plethora of research in the area owing to the considerable
impact it has on the design of high-speed devices such as supersonic combustion
chambers, as well as the need to reduce the noise emission from supersonic jet exhaust.

A complete physical explanation for the suppressed mixing behaviour of
compressible shear layers remains elusive. Experimental studies by Papamoschou
(1989), Fourguette, Mungal & Dibble (1991), Messersmith, Dutton & Krier (1991),
Clemens & Mungal (1992) and Samimy, Reeder & Elliott (1992) support the
fundamental observation that the precipitous decrease in mixing with increasing
compressibility is accompanied by a distinct absence of coherent two-dimensional
structure in the shear layer. The importance of these structures in achieving efficient
entrainment between dissimilar streams and thereby increased growth rates was first
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elucidated in high-speed flows by Brown & Roshko (1974). Concomitant with the
reduction in the cross-stream extent of the large-scale structures is a three-dimensional
transition characterized by a limited spanwise coherence in the flow. Detailed
turbulence measurements obtained using non-intrusive techniques (Samimy, Erwin &
Elliot, 1989; Elliot & Samimy 1990; Goebel & Dutton 1991) further support these
observations, indicating a reduction in the cross-stream turbulent transport which is
responsible for inhibiting the energy transfer from the mean flow.

The work of Gropengiesser (1970) provides insight into the mechanism responsible
for the reduced rates of mixing at elevated Mach numbers. In a single-stream mixing
layer Gropengiesser identified an abrupt reduction in the maximum spatial
amplification rate when the Mach number of the primary stream was increased; at very
high Mach numbers the growth rate was seen to asymptote to a constant non-zero
value. More recent studies of the linear spatial theory by Jackson & Grosch (1989) and
Sandham & Reynolds (1990) indicate that oblique waves become increasingly
amplified relative to plane-wave disturbances as the convective Mach number is
increased. Three-dimensional direct simulations of the Navier-Stokes equations by
Sandham & Reynolds (1991) corroborate the importance of oblique waves with
increasing levels of compressibility and point to the redistribution of vorticity as the
primary cause of flow structures described as being elongated in the streamwise
direction.

Underpinning the fundamental examination of compressible shear layers is the need
to develop efficient strategies for mixing augmentation. Research in this area parallels
to a significant extent mixing enhancement studies performed in subsonic flow. Owing
to the convectively unstable nature of compressible shear flows, passive control
approaches often involve the introduction of artificial disturbances which lead to
higher total amplification and significant coherent structure in the flow. Examples of
such passive schemes include the use of tabs and streamwise vortex generators,
examined in the content of supersonic axisymmetric jets by Samimy, Zaman & Reeder
(1991) and Yu et al. (1992), as well as a variety of three-dimensional perturbations such
as saw-toothed edges and trip wires (Papamoschou 1989). In a similar spirit, various
studies have considered the influence of geometric changes on disturbance amplification
rates such as the use of elliptic and rectangular cross-sectioned nozzles (Gutmark,
Schadow & Wilson 1991). Shock waves have also been used to augment free shear layer
mixing as shown in the work of Samimy et al. (1989), Shau & Dolling (1989), Clemens
& Mungal (1992) and Shau, Dolling & Choi (1993).

Although passive control schemes for supersonic mixing enhancement enjoy
reasonable success compared to active control scenarios —which require excessive
energy input in high-speed applications (Raman, Rice & Mankbadi 1988; Lepicovsky
ef al. 1988) — continued research in this area is required owing to the losses associated
with many of these techniques. A promising approach for the diffusion of compressible
shear flows utilizes the efficient energy transfer between the mean and turbulent
velocity fields caused by global flow instabilities. One such phenomenon, known as
screech, is not new (Powell 1953), but exemplifies the dramatic effect that a self-
sustained feedback loop can play in the global flow response (Krothapalli ef a/. 1986).
Similar feedback effects involving cavities and wake defects have been explored in the
context of supersonic jets by Yu, Gutmark & Schadow (1993) and indicate that
significant entrainment can be achieved at high levels of compressibility. In the present
study we will examine how alterations in the local velocity field can be used to excite
inherent instabilities of the compressible shear layer and thereby achieve a global flow
response conducive to the rapid diffusion of the flow. This approach is based on the
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FIGURE 1. A countercurrent shear layer of variable density.

unique stability characteristics of the countercurrent mixing layer which will be
described in detail in §2. Our discussion will continue in §3 with an overview of the
experiment facilities and in §4 with the basic observations of the flow field. Shear layer
growth rates will be presented in § 5 together with a discussion of the effects of density
ratio and convective Mach number. We will provide in § 6 some theoretical framework
linking the experimental results and linear stability theory, and summarize the work
in §7.

2. Countercurrent mixing layers

Spatially developing mixing layers have been the focus of extensive research for
decades. This research has examined a vast parameter space including the effects of
density ratio, velocity ratio, and compressibility on the mixing layer dynamics, as well
as the important role that initial conditions play on the shear layer evolution. However,
despite this extraordinary attention, shear layer research has been limited essentially to
a broad class of coflowing mixing layers produced when dissimilar streams combine
downstream of a splitter plate and travel in a common direction as seen in a reference
frame fixed with respect to the plate.

Consider now the situation which arises when two nominally parallel streams travel
in opposite directions relative to a dividing plate creating a countercurrent mixing layer.
This configuration is fundamental to all separated flows, but has received relatively
little attention in the literature. The countercurrent mixing layer is defined in figure 1
as seen in a coordinate frame fixed at the trailing edge of the plate. The primary flow
is represented by the free-stream velocity U, and density p,. A secondary stream having
free-stream quantities U, and p, is generated and travels in the direction opposite to the
primary flow. Parameters affecting the streamwise evolution of the compressible
countercurrent mixing layer include the velocity ratio r = U,/ U,, the density ratio s =
0./ p1, and the convective Mach number M, = (U, — U,)/(a, + a,), where the subscripts
1 and 2 denote the primary and secondary streams, respectively, and a represents the
speed of sound in the free stream; here it is assumed that the specific heat ratio across
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the layer is nominally constant. Not unlike the coflowing mixing layer, we expect that
the countercurrent shear layer will be influenced by the boundary conditions imposed
at the trailing edge of the plate, in particular the disturbance levels and spectral
distributions residing in the boundary layer and free streams, as well as the inherent
three-dimensionality of the base flow. It is also important to remember that the typical
two-dimensional mixing layer studied in the laboratory develops spatially where the
streamwise and cross-stream extents of the velocity field U, and U, are finite.

Temporal countercurrent mixing layers were systematically examined by Thorpe
(1968, 1971) and Ramshankar (1988) using a novel tilting tank to create spatially
invariant mixing layers of variable density. Their research successfully identified the
nature of instability of a one-dimensional mixing region from the growth of the
incipient disturbances leading to vortex roll-up and subsequent violent breakdown to
turbulence. The work of Ramshankar was particularly elegant, allowing the
identification of the fractal nature of the nonlinear vortex evolution due to the absence
of a disturbance convection velocity in the laboratory reference frame. In sharp
contrast to the temporally evolving shear layers studied by Thorpe and Ramshankar,
we were interested in examining a spatially and temporally developing countercurrent
layer which would occur, for instance, in the presence of flow separation. One would
expect that this complicated flow field may support both upstream and downstream
amplifying disturbances and hence the possibility of self-excitation. Humphrey & Li
(1981) designed a facility specifically to examine this unique flow field using a dual-
contraction wind tunnel, but were unable to avoid a global instability of their facility
leading to a large free stagnation region.

Strykowski & Niccum (1991) were the first to systematically investigate the spatially
developing countercurrent mixing layer through a series of experiments performed in
an incompressible axisymmetric jet (M, = 0) of constant density (s = 1). The uniform
velocity of the free jet served as the primary stream U/, and a secondary flow created
around the periphery of the primary jet formed the counterflowing stream U,.
For modest amounts of counterfiow Strykowski & Niccum demonstrated that
disturbance amplification rates scaled proportionally to the velocity ratio defined as
(U,—-U,)/(U,+U,) as predicted by the linear spatial theory for coflowing mixing
layers (Ho & Huerre 1984). When counterflow was increased above a critical level given
by r,, = —0.14 the mixing layer displayed discrete oscillations resulting in disturbance
levels nearly an order of magnitude higher than those predicted by the spatial theory
alone; the shear layer response to counterflow below r,, was shown to be analogous to
the externally forced mixing layer investigated by Freymuth (1966).

Strykowski & Niccum argued that the transition observed experimentally at r,, was
a consequence of global self-excitation of the shear layer due to a transition from
convective to absolute instability, which is predicted by spatio-temporal theory to
occur at r,, = —0.136 in a mixing layer having s = 1 and M, = 0 (Huerre & Monkewitz
1985). Subsequent work (Strykowski & Niccum 1992) explored this connection further
in a variable-density mixing layer where theoretical predictions of r,, display a strong
dependence on the density ratio s. By introducing sulphur hexafluoride into the
primary stream, density ratios between approximately 0.2 and 1 were examined in the
presence of counterflow. Flow visualization was used to identify critical velocity ratios
which varied between —0.14 in the constant-density mixing layer (s = 1) to values as
small as —0.5 in the mixing layer at the lowest density ratio (s = 0.196); note that
lower r-values indicate increasing levels of counterflow. These observations were in
close agreement with the predicted convective-absolute transition found by Pavithran
& Redekopp (1989) over the range of density ratios studied. Strykowski & Niccum also
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identified a distinct three-dimensionality of the flow at velocity ratios below r,, giving
rise to well-defined streamwise structures in the mixing layer.

The connection between the theoretical concept of absolute instability and global
self-excitation, which is documented in the laboratory, is often only circumstantial in
nature. Notwithstanding this limitation, many studies have provided convincing
evidence that local stability concepts can be effectively exploited to achieve global flow
control. For instance, Mathis, Provansal & Boyer (1984) identified the formation of
vortex shedding behind bluff bodies with a self-excited global mode in the wake, which
is consistent with the local stability models proposed by Koch (1985) and Huerre &
Monkewitz (1985). Strykowski (1986) later showed that local alterations in the flow
could significantly effect the global wake development. Observations of self-excited
vortical structure in low-density jets by Sreenivasan, Raghu & Kyle (1989), Monkewitz
et al. (1990) and Kyle & Sreenivasan (1993) indicate the dramatic changes brought
about by alterations in the density field; agreement between experimental observations
and theoretical predictions of the onset of absolute instability from Monkewitz & Sohn
(1988) are remarkable.

Global flow self-excitation in weakly diverging flows depends upon the streamwise
scale supporting absolute instability (Chomaz, Huerre & Redekopp 1988 ; Monkewitz
1988). In the context of the countercurrent mixing layer, practical considerations limit
the streamwise extent over which the reverse stream U, can be maintained in the
laboratory and, consequently, the spatial domain of absolutely unstable flow.
Experiments of Strykowski & Wilcoxon (1993) explored the relationship between the
global jet response to counterflow and the streamwise domain of absolute instability.
As the influence of counterflow was cxtended in the streamwise direction, the
wavelength of the global mode increased roughly proportional to —U,/U,, thereby
having a more pronounced affect on the overall jet development as measured, for
instance, by increased momentum mixing.

A final observation needs to be emphasized which will serve, in part, to motivate the
present investigation. One of the most important attributes of self-excited flows is their
inherent insensitivity to externally applied forcing (Huerre & Monkewitz 1990) which,
in practical systems, will be imposed by the naturally high levels of background
turbulence. In the context of jets, we would like to explore the possibility of whether
counterflow can be used to alter the jet behaviour from that of a purely spatial amplifier
— which would then depend quite critically on the external forcing —to one having
sufficient feedback to support self-excitation. To have a lasting impact in the context
of high-speed jet control, the self-excitation must lead to significant nonlinear
interaction with the mean flow resulting in enhanced rates of jet diffusion. Therefore,
we believe a realistic strategy for shear flow control can exploit the inherent instabilities
by modification of the base flow leading to finite regions of absolute instability. In this
paper we will examine the extent to which these concepts can be extended beyond the
relatively low Reynolds number conditions reported above to realistic jet operating
conditions. In particular, we will consider the utility of counterflow control applied to
the challenging problem of mixing enhancement in a supersonic jet at Mach 2.

3. Jet facilities and instrumentation

The experiments were conducted in the blow-down compressed-air facility of the
Fluid Mechanics Laboratory at Florida State University. The facility is driven by a
high-displacement reciprocating air compressor which is capable of supplying air at a
maximum storage pressure of 2300 p.s.i.g. The air delivered to the storage tanks is
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passed through a series of dryers to reduce absolute humidity prior to expansion
through the valve assembly and isentropic nozzle; the maximum relative humidity of
the primary air stream exiting the nozzle at Mach 2 (occurring under cold jet operating
conditions) was estimated to be less than 50 %. Large storage tanks provide a total
capacity of 10 m® and are capable of driving the Mach 2 primary jet flow examined in
this study continuously for up to 30 min. After leaving the storage tanks the air can be
heated by passing through an array of resistive tank heaters having a maximum power
output of 450 kW and capable of achieving stagnation temperatures in excess of 715 K.
Operating the facility at elevated stagnation temperatures requires preheating the
facility downstream of the tank heaters. This process bleeds the storage tanks
somewhat, but the overall run time is not significantly affected owing to the
concomitant reduction in the mass flow rate with increasing stagnation temperature.
The stagnation pressure was held invariant to within 0.5 % of its nominal value during
each experiment using staged control valves.

For the present investigation the blow-down facility was fitted with an axisymmetric
converging—diverging nozzle designed by the method of characteristics for operation at
Mach 2; the diameter D of the nozzle in the exit plane was 29.2 mm. All experiments
were performed at the design Mach 2 isentropic pressure ratio defined between the
plenum stagnation pressure p, , and the static pressure in the jet exit plane. To achieve
a reasonable operating range in terms of convective Mach number, experiments were
performed at primary stagnation temperatures 7; ; between 300 and 715 K. The cold
supersonic jet (7; ; = 300 K) issuing from the nozzle at a Reynolds number Re, =
2.8 x 10%, served as the primary stream U,. The conditions of the free shear layers
emanating from the nozzle lip were defined by the velocity ratio r, density ratio s, and
convective Mach number M,. In the case of the cold free jet issuing into quiescent fluid
(U, = 0) the velocity ratio was zero, at a density ratio of 0.55, and a convective Mach
number of 0.85. In the presence of elevated stagnation temperatures (7; , = 715 K) the
convective Mach number of the shear layer was increased to 1.06 at a density ratio of
1.32 in the absence of external flow (U, = 0). The higher temperature of the primary
stream resulted in a reduced exit Reynolds number of Re,, = 8.8 x 10°. The laboratory
conditions into which the supersonic jet exhausted were nominally 7; , = 300 K at a
relative humidity of 35-40%.

3.1. Supersonic counterflowing nozzle

The configuration employed to establish a compressible countercurrent shear layer is
shown in figure 2. The uniform exhaust flow of the supersonic jet serves as the primary
stream U, defined in a reference frame having its origin in the nozzle exit plane (x =
0). A collar-manifold assembly is positioned concentrically around the primary nozzle
and guides the peripheral secondary stream in the opposite direction to the primary
flow, creating a countercurrent shear layer in the region immediately downstream of
the jet exit. The driving force behind the secondary flow is a regenerative vacuum
system capable of delivering sizable volumetric flow at moderate vacuum pressures. A
fixed collar geometry was used for this study as defined in the following parameter
space: extension length L/D = 2.3; gap width measured in the jet exit plane of
w/D = 0.22; and a collar divergence half-angle of 9°. Estimates of the counterflowing
velocity U, were made, assuming uniform flow in the gap of the secondary stream at
the origin (x = 0), by direct measurement of the mass flow drawn through the manifold
system using a laminar flow meter located in the vacuum supply line.

The operation of the counterflowing nozzle requires a simple iterative procedure.
Once the vacuum system is activated and the counterflowing stream is established, a
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FIGURE 2. Axisymmetric nozzle—collar arrangement used to create counterflow in a supersonic jet.

pressure drop is created along the gap defined by the edge of the primary jet and the
collar wall. Consequently, the static pressure measured on the collar surface in the jet
exit plane (x = 0) is slightly subatmospheric, requiring that the stagnation pressure of
the primary stream p, ; be adjusted to achieve the desired isentropic pressure ratio
corresponding to a Mach 2 flow exiting the nozzle. This procedure requires some
iteration to attain the matched conditions, but provides a relatively wave-free flow as
will be shown in the discussion to follow. The velocity ratio of the countercurrent shear
layer within the collar serves as the principal control parameter in this study. For the
geometry of figure 2, the velocity ratio is defined by the values of the primary velocity
U, and secondary velocity U, as measured in the jet exit plane at x = 0.

3.2. Instrumentation

Pitot probe surveys were conducted to quantify the spreading rate of the mixing layer
as a function of velocity ratio. A total pressure probe having an inner diameter of
0.5 mm was rigidly fixed to a Daedal three-dimensional traversing system with a spatial
resolution of 107° m. Time-integrated pressure measurements were obtained using
Validyne pressure transducers digitized at 12-bit resolution and sampled for 1.2 s.
Radial and azimuthal Pitot profiles were also used to periodically realign the traverse
with the true jet axis, a necessary procedure owing to the expansion of the facility over
extended periods of operation caused by heating. Fluctuating pressures were measured
in the compressible shear layer by mounting a fast-response Kulite pressure transducer
with an effective sensor area of 1.6 mm in diameter into the tip of a conventional total
head probe. The frequency response of the transducer was found to be flat within 5%
up to 60 kHz; the fluctuating pressure signals were analogue low-pass filtered at
60 kHz and amplified to optimize the A/D converter.

Visualization of the jet was achieved by creating laser sheet images of the axial and
diametral planes of the jet axis using a pair of Spectra Physics frequency-doubled
Nd:YAG pulsed lasers. The lasers were fired simultaneously with a pulse energy of
approximately 90 mJ each and a pulse width of 11 ns (10 Hz repetition rate), effectively
freezing the flow and providing non-intrusive and non-integrated images of the large
structures. Fine condensation particles formed in the mixing region between the dry
cold gas of the primary jet and the relatively moist ambient air were used for light
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scattering based on the product formation technique described by Clemens & Mungal
(1991). At the operating conditions of the cold Mach 2 free jet (7} , = 300 K), the exit
velocity was 520 m s™! at a static temperature of 170 K. A representative time scale of
the flow was estimated to be 7, = 20 ps using the shear layer Pitot thickness as the
relevant length scale. Direct measurements of the condensed droplet diameters were
not made, but conservative estimates from Fourguette e al. (1991) and Clemens &
Mungal under similar conditions indicate values less than 0.3 pm. Based on this value
the particle time scale was computed as 7,, = 0.3 ps, providing a Stokes number 7,,/7,
of the order of 0.015, which according to the computations of Samimy & Lele (1990)
and the experiments of Ross, Lourenco & Krothapilli (1994) is sufficiently small to
expect that the particles will accurately capture the flow dynamics.

Since condensation marking was not possible at elevated stagnation temperatures,
light scattering in the heated jet (Z; , = 715 K) was achieved by seeding the primary
flow stream with 0.3 um aluminium oxide particles. The relevant flow time scale was
estimated as 7, = 12 ps at a jet velocity of 800 m s™* and a static temperature of 400 K.
A corresponding particle time constant of 7, = 1 ps produces a Stokes number of 0.08,
which is at least five times larger than the condensation particles, but still significantly
less than the criterion proposed by Samimy & Lele (1990) and Ross et al. (1994) for
accurate flow marking. All images were captured using a Pentax 6 x 7 camera and
Kodak professional black and white film.

4. Jet response to counterflow

We begin our discussion with basic observations made in a Mach 2 unheated jet
(1; , = 300 K) influenced by counterflow. As described earlier in the context of figure 2,
an adverse pressure gradient, as seen by the primary flow U,, exists owing to the
secondary counterflowing stream U,. The pressure rise within the collar between x =
0 and x = L was documented by measuring the local static (gauge) pressure Ap, along
the collar surface. This distribution is shown in figure 3 for the maximum counterflow
velocity |U,| that was studied. The minimum collar pressure, occurring in the jet exit
plane, is roughly 3 % of the stagnation pressure of the primary stream p, , and displays
a nearly linear dependence on distance within the collar. To maintain ideally expanded
flow in the jet exit plane, p, , was reduced from the free jet value (U, = 0) until the
desired pressure ratio was achieved. Under these conditions, the magnitudes of the
primary and secondary stream velocities at x =0 were 520m s~ and 65ms™?,
respectively. The corresponding velocity and density ratios defined at the same position
were r = —0.13 and s = 0.55 at a convective Mach number of M, = 0.96.

The global jet behaviour was examined through detailed measurements of Mach
number distributions along the jet axis as shown in figure 4. The free jet, defined by the
flow when the collar is removed from the primary nozzle, was used as a base of
comparison for the counterflow studies. The free jet profile suggests the presence of
weak waves in the region immediately downstream of the jet exit. The origin of these
waves was found to reside in the nozzle itself, a consequence of subtle imperfections in
the tracer lathe used to generate the internal contour. Zapryagaev & Solotchin (1988)
and Novopashin & Perepelkin (1989) indicate that ‘scratches’ as small as 0.2 % of the
nozzle exit diameter can cause such perturbations in supersonic jets, indicating the care
with which nozzles must be manufactured to minimize finite-amplitude wave
generation. Measurements of mixing layer growth rates presented in §5 suggest that
these wave effects do not significantly influence the development of the compressible
shear layer of the jet, a result which is consistent with the existing literature on the
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FIGURE 4. Axial Mach number profiles in a free jet and a jet with counterflow.

interaction of shock waves with free shear layers (Samimy et a/. 1989 ; Shau et a/. 1993).
The termination of the potential core of the free jet also agrees quite well with existing
data for supersonic unheated jets by Scharton, White & Rentz (1973); corresponding
data collected in the absence of counterflow but with the collar in place (Strykowski &
Krothapalli 1993) indicate that the presence of the collar extension itself has no
appreciable impact on the entrainment characteristics of the jet.

An axial Mach profile in the jet at a velocity ratio of r = —0.13 is also shown in figure
4 and illustrates the abrupt termination of the potential core at x/D =& 5. The reduction
in the core length by a factor of approximately two compared to the free jet is a
indication of the dramatic effect of counterflow on jet diffusion. Owing to the adverse
pressure gradient in the collar region, the primary stream experiences a deceleration
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FiGgure 5. Fluctuating pressure profiles in the shear layer of a free jet and a jet with counterflow.

which can be observed over the first 2-3 jet diameters. Total pressure recovery along
the potential core indicates that this compression is essentially isentropic resulting in
a drop in the centreline Mach number from 2.0 to 1.85. The absence of any noticeable
finite-amplitude waves further supports the reversible nature of the deceleration.
Downstream of the collar extension a constant-Mach-number region is again observed
up to the location where the shear layers merge. The flow deceleration in the jet near
field is responsible for a slight elevation in the density ratio from 0.55, in the jet exit
plane, to 0.58 in the region between x = L and x/D ~x 5. There is a corresponding
reduction in the convective Mach number from 0.96 at x = 0 to a value of 0.82 in the
constant-pressure potential core. At the present time we will continue to define the
velocity ratio, density ratio, and convective Mach number in the jet exit plane, and will
demonstrate in §5 that the changes in s and M, alone cannot explain the appreciable
diffusion observed in the jet with counterflow.

To provide further insight into the enhanced jet diffusion suggested by the axial
Mach number distributions, pressure fluctuations were captured in the shear layer of
the jet. A fast-response Kulite pressure transducer mounted in the tip of a total head
probe was traversed in the streamwise direction along an iso-Mach line of 1.0. The
sonic line was approximately the radial position in the shear layer where the fluctuation
level was maximum. This location provided a means of comparing the disturbance
levels in the shear layer as a function of the velocity ratio, as well as addressing the issue
of flow self-similarity based on turbulence quantities. The ratio of the probe diameter
to the local thickness of the mixing layer (to be defined in §5 as the Pitot thickness)
varied between 3 and % in the region of measurement which extended in the streamwise
direction from within the collar to beyond the termination of the potential core.
Measuring the maximum value of p’ is convenient because it effectively reduces the
error caused by a finite probe, since the gradients in p’ are smallest at the peak location.
The Kulite probe responds very linearly to mean pressures over the usable operating
range and provides reliable spectral resolution up to 60 kHz as demonstrated by Shau
et al. (1993).

The r.m.s. pressure fluctuations normalized by the primary-stream stagnation
conditions are presented in figure S for the free jet and the counterflowing jet under the
conditions described in figure 4 (r =—0.13; s =0.55). The disturbances in the
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countercurrent shear layer, indicated by the solid symbols, increase rapidly over the
first several diameters reaching levels roughly twice those observed in the free jet (open
symbols). At the velocity ratio of —0.13 the amplification process is confined to the
initial shear layer region within the collar (x < L) where significant counterflow can be
sustained, downstream of which a saturation level is reached and the velocity ratio
approaches zero since U, ~ 0. Hence, it appears that the initial saturation amplitude
is determined by the dynamics of the countercurrent mixing layer and is not affected
by the merging of the shear layers due to the finite size of the potential stream U,.
Downstream of the potential core, which terminates at x/D & 5 in the counterflowing
jet, the disturbance level decreases as the mean shear of the jet profile cannot support
the levels established in the shear layer. These basic observations are consistent with
those of Strykowski & Wilcoxon (1993) obtained from detailed velocity measurements
in a subsonic jet with counterflow. In summary, the pressure fluctuations in the shear
layer of the free jet display similar trends to the counterflowing jet with the distinct
difference being that the absolute level of the disturbances is higher in the latter case.
(The spectral content of the far-field pressure fluctuations is also affected by
counterflow as recently shown by King, Krothapalli & Strykowski 1995).

Scales on the order of the largest dimensions in the flow —so-called coherent
structures — were the distinguishing feature observed by Brown & Roshko (1974) in
their seminal work on high-speed shear layers. As described earlier, the absence of
coherent structures in highly compressible flows is believed to be a principal cause of
suppressed levels of momentum diffusion and entrainment. The elevated disturbance
levels and rapid diffusion of the potential core in the jet with counterflow (figures 4 and
5) would imply the presence of coherent structures normally absent at the convective
Mach number of this flow (M, > 0.8). A visualization study was conducted to evaluate
the nature of the flow structures present under the counterflow conditions currently
being discussed where the velocity ratio is —0.13 and the density ratio is 0.55. Planar
light scattering from condensation droplets formed in the mixing region between the
cold primary stream (7; , = 300 K) and the moist ambient air served to illuminate the
structures in the layer; see §3.2 for a description of the technique.

Planar images of the axial centreplane of the jet were obtained by exposing the
mixing region to a single laser light pulse of 11 ns duration, effectively freezing the
flow; structures can be expected to travel a distance of approximately 3 pm during this
exposure. The illuminated shear layers shown in figure 6 extend from the collar at
x/D = 2.3 to roughly x/D = 5. The free jet shear layers (figure 6a) display very little
organized motion characteristic of high convective Mach number flows (Clemens &
Mungal 1992). However, when counterflow is activated (figure 6) the mixing layer
structures resemble those seen at significantly lower levels of compressibility and
commonly associated with regions of coherent spanwise aligned (azimuthal) vorticity.
Observations made from an ensemble of instantaneous photographs taken under
nominally identical conditions indicate that mixed fluid often penetrates to the jet
centreline at streamwise distances as small as x/D = 5 when counterflow is applied.
This position is consistent with the axial Mach number distribution shown in figure 4
at r = —0.13 where the potential core is seen to terminate. One additional observation
which can be made from examining many instantaneous axial plane images is that the
coherent structures do not always display an axisymmetric character as seen in figure
65, but are positioned randomly with respect to one another across the jet centreline.

Three-dimensional features of the shear layer structure were captured by orienting
the laser sheet to illuminate the diametral plane of the jet. The photographs in figure
7 were taken at streamwise positions of x/D = 2.5, 3.75, 5 and 7.5; the axisymmetric
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FIGURE 6. Instantaneous images of jet centreplane: (a) free jet, and (b) jet with counterflow.

mixing region appears slightly oblong owing to the off-axis alignment of the camera
with the principal flow direction. The images in figure 7 (a) are quite representative of
those taken in the free jet, indicating very little structure at the convective Mach
number of 0.85; structures observed in the diametral plane are typically associated with
concentrated streamwise vorticity in the shear layer. The mixed fluid al the farthest
downstream location (x/D = 7.5) indicates the existence of a finite potential core at
that position which agrees with the axial distribution shown in figure 4, where the core
is seen to end at x/D & 10. Although small lobes of fluid could be observed around the
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FiGure 7. Instantaneous images of the jet diametral plane at x/D = 2.5, 3.75, 5 and 7.5:
(a) free jet, and (b) jet with counterflow.

jet periphery at this convective Mach number it was difficult to quantify their number
with any certainty.

In contrast to the images in figure 7(a), the mixing layer clearly shows the presence
of large structure when the counterflow is set up within the collar region of the jet
(figure 75). Distinct lobes consistently numbering between 5 and 7 were observed
within the mixing layer and undoubtedly contribute to the rapid diffusion of the jet. Tt
was observed that the structures were non-stationary, but positioned randomly in
space and time about the jet circumference. Stationary streamwise-aligned vortical
structures have been observed in underexpanded and ideally expanded jets (Zapryagaev
& Solotchin 1988; Novopashin & Perepelkin 1989; Krothapalli, Buzyna & Lourenco
1991; King, Krothapalli & Strykowski 1994), but in these flows the origin of the
structure could be traced to minute imperfections residing in the surface of the splitter
plate or nozzle near separation. Consequently, the highly three-dimensional nature of
the mixing layer observed in figure 7(b) is believed to be the result of an inherent
instability of the compressible shear layers due to counterflow. One final observation
which was made from the instantaneous diametral images is that the mixing region
does not precess about the jet axis. In other words, the enhanced diffusion of the jet is
due to the presence of highly amplified two- and three-dimensional disturbances and
not the tendency of the jet to randomly attach to the collar, giving the artificial
appearance of diffusion as is the case in the so-called flip-flop jet (Raman, Hailye &
Rice 1992).
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Before we take up a discussion of the instability characteristics of compressible
countercurrent shear layers in §6, we continue our discussion of the shear layer
development with and without counterflow by presenting detailed growth rate
measurements in the next section.

5. Growth rate measurements

A quantitative measure of shear layer growth rates was made using a total head
probe mounted on a three-dimensional traversing system. Since stationary streamwise
vortical structures have been observed in ideally expanded jets (King ez al. 1994), it was
first necessary to perform azimuthal pressure surveys in the shear layer to determine
whether minute imperfections in the nozzle may be responsible for variations in the
circumferential direction, which might have deterministic effects on the growth rate
measurements; the azimuthal surveys were also used to align the probe with the true
jet axis. Data were obtained by traversing the probe in 10° increments around the
entire jet periphery (see §3.2 for a discussion of the probe characteristics). All
measurements were recorded as absolute local stagnation pressures p, assuming
standard isentropic relations in the subsonic regions and by applying Rayleigh’s Pitot
formula when a normal shock existed upstream of the probe; local static pressures were
assumed to be invariant across the jet at any streamwise station. Growth rate
measurements were computed using both p, and Pitot pressures. This was done to
evaluate the impact of cross-stream static pressure variations on growth rate
measurements. Growth rates evaluated by both techniques yield virtually identical
results; error analysis of the measurements will be presented below.

Profiles obtained at an axial location of x/D =3.75 and two different radial
positions are shown in figure 8. Small pressure undulations having peak-to-peak
amplitudes less than 5 p.s.i. can be observed around the jet periphery. These variations
could be reproduced precisely between runs taken over a period of several days, and
are not the consequence of data sampling time or experimental uncertainty. By rotating
the nozzle it was further observed that these perturbations originated at the nozzle itself
in a fashion first proposed by Novopashin & Perepelkin (1989). In the neighbourhood
of 8 = (° a rather large excursion in the pressure can be identified having a magnitude
of roughly 20 p.s.i. Profiles taken at the other radial location as well as at different
streamwise positions confirmed the presence of the distinct w-shaped undulation
commonly associated with a pair of counter-rotating streamwise structures in the shear
layer (Arnette, Samimy & Elliot 1993).

Encouraged by the apparent connection between the shear layer response and the
nozzle itself we removed the nozzle and carefully measured its inner surface on a lathe
with a 2.5 pm resolution surface micrometer. Small irregularities having peak-to-peak
heights less than approximately 15 pm were observed around the nozzle lip which can
be expected under normal machining operations. However, near the location where the
large pressure excursion was measured at # = 0° a flat spot was identified having a
height of 60 pm. This protuberance — barely noticeable to the touch — clearly has an
impact on the shear layer development in the neighbourhood of #=0° and
demonstrates how influential even small imperfections in the nozzle boundary layer
can be in determining the three-dimensional flow evolution. To minimize the impact of
the perturbation on the evaluation of the growth rates, all measurements presented
below were made at an azimuthal position of 180°.



Effect of counterflow on the development of compressible shear layers 77

1.0

0.8

WD =0.375

0 120 240 360
8 (deg.)

FIGURE 8. Azimuthal mean pressure profiles taken at x/D = 3.75. Diamond symbols indicate the
free jet and circles show the jet with counterflow.
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FiGURE 9. Cross-stream total pressure profiles in the free jet.

5.1. Pitot thickness measurements

The spatial growth rate of the mixing layer was defined using the Pitot thickness as
employed by Papamoschou & Roshko (1988), where 4, is the distance between the
transverse locations where the total pressure is 5% and 95% of the differential total
pressure across the layer. The pressure profiles were normalized by the centreline
stagnation pressure in the jet p, ; and the transverse coordinate was displaced using the
location y, where the total pressure was equal to the average of the free-stream values
and then normalized using the local Pitot pressure 4,,,. Profiles obtained in the free jet
at 7; ; = 300 K and for streamwise positions from x/D = ] to 10 are presented in figure
9. The data indicate reasonable self-similarity in mean quantmes up to x/D = 8,
downstream of which some deviation is observed owing to the merging of the opposing
shear layer in this region. Downstream of x/D = 10 the profiles rapidly diverge in the
normalized coordinate space owing to the termination of the potential core as seen in
figure 4.
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FIGURE 11. Streamwise development of the shear layer thickness in the free jet
and the jet with counterflow.

A corresponding series of measurements were made in the shear layers of the
counterflowing jet at r = —0.13 and s = 0.55. The axial Mach number distribution
shown in figure 4 indicates that strict self-similarity cannot be expected throughout the
potential core region since deceleration occurs between x/D = 0 to 2.5; however, a
nearly constant-pressure region can be seen from x/D = 2.5 to 5 prior to the merging
of the shear layers. Notwithstanding this limitation (see additional discussion in §5.2)
we measured the spatial development to perform a comparative assessment of growth
rates with and without counterflow. The shear layer profiles shown in figure 10 indicate
that mean flow self-similarity is achieved at least in the domain from x/D ~ 2 to 5 and
approximately so slightly upstream and downstream of this region; again rapid
divergence can be observed after the shear layers merge near x/D = 5.0.

The local shear layer thickness 4, was obtained from the Pitot profiles and recorded
as a function of streamwise distance in figure 11. Linear growth in &, is clearly seen
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in both shear layers, but the linear regime extends much farther downstream in the free
jet since the lower growth rate delays the shear layer merging process. The distinctive
feature of the data is seen in the increased spatial growth rate, defined as dé,;,/dx, by
roughly 60 % when counterflow is applied. A least-squares fit to the free jet data (using
the first 13 points) and to the counterflowing jet data (using the first 8 points) provides
growth rates of dJ ,;,/dx equal to 0.074 and 0.117, respectively. The growth rate in the
shear layer without counterflow agrees quite well with published values obtained at
comparable convective Mach numbers (e.g. Papamoschou & Roshko 1988; Clemens
& Mungal 1992).

To rigorously demonstrate flow self-similarity it is necessary to consider turbulent
quantities in addition to the mean shear layer properties provided by the Pitot profiles.
Some insight into the fluctuating field can be obtained from the disturbance pressure
distributions discussed in §4. In a region of self-similarity turbulence quantities should
display a constant peak value, which is clearly not the case for the maximum
fluctuating pressure shown in figure 5. The disturbance pressure p’ in the shear layer
without counterflow varies between 2% and 6% of the stagnation pressure over the
streamwise distance of x/D = 1-8 where the mean flow quantities exhibit self-
similarity. The variation in p’ is somewhat surprising given that the Reynolds number
based on AU, §,, and average mixing layer properties is so high, varying between
1.5x 10° and 10%; Goebel & Dutton (1991) suggest that a Reynolds number of
approximately 1.25 x 10° should be sufficient to achieve self-similarity in the Reynolds
stress distribution for compressible flow. By contrast, the p’ distribution in the
counterflowing jet (r = —0.13) displays a nearly constant value in the region of x/D
between 2.5 and 5, where the Reynolds number varies between 4.7 x 10° and 10%. If we
were to demand a Reynolds number of at least 4.7 x 10° for self-similarity of turbulence
quantities in the shear layer without counterflow, we then would observe a significantly
smaller variation in p’ from 5% to 6 % over the range of 4 < x/D < 8. Given the fact
that the finite size of the fluctuating pressure probe will tend to underestimate p’ close
to the nozzle where 4§, is small, we can conclude that perhaps a Reynolds number of
4.7 x 10° is too restrictive but probably representative for the flow we have examined.
Despite our inability to define the self-similar region more precisely, it is nonetheless
important to emphasize the principal finding that spatial growth rates can be increased
by 60% when counterflow is applied over a finite region in the jet near field.

5.2. Visual growth rate measurements

All measurements presented thus far have considered the response of the compressible
shear layer to a fixed level of counterflow corresponding to a velocity ratio of —0.13
and a density ratio of 0.55. To elucidate the relationship between shear layer growth
rate and velocity ratio a visualization study was conducted in the cold supersonic jet
(7;,, = 300 K) using the product formation method described in §3.2. This approach
served both as an independent verification of the Pitot thickness measurements and as
a relatively expedient method for estimating growth rates. Visual estimates of the shear
layer thickness 4,,, were made over a streamwise distance roughly equivalent to that
used to compute the growth rates from the Pitot measurements. Planar images of the
time-integrated behaviour of the mixing layer were obtained by exposing the film to 20
superimposed images over a period of approximately 2 s.

Photographs obtained in the free jet (r = 0) and at the extreme velocity ratio studied
(r = —0.16) are shown in figure 12. The images extend over a streamwise distance

T A slightly lower velocity ratio of —0.16 was achieved during this portion of the study by a
moderate reduction in the pressure losses of the vacuum system used to create counterflow.
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(a)

(b)

Ficurs 12. Time-integrated exposures of the jet centreplane: («) free jet, (b) jet with counterflow.

between 2.5 and 7 diameters and unambiguously show the rapid diffusion of the shear
layer caused by counterflow. Visual growth rates dé,,,/dx obtained from the images
were 0.10 and 0.16 for the free jet and the counterflowing jet, respectively.
Papamoschou & Roshko (1988) suggest that visual growth rates based on schlieren
images should be approximately 20% higher than those from Pitot measurements
which does not entirely account for the 35% difference in the two approaches,
although a strict comparison between J,,, obtained from schlieren and planar laser
scattering has not been performed to our knowledge. However, the relative comparison
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FiGgure 13. The symbols indicate the growth rates obtained in the jet with counterflow. The
dashed curve represents the theoretical growth rates predicted by equation (1).

between the free jet and counterflowing jet using planar imaging is quite good and
confirms the 60 % increase in spreading rate found using dé,,,/dx.

Planar images of the shear layer were obtained over a range of secondary velocities
to estimate the dependence of dd,,,/dx on velocity ratio; a summary of those results
is provided in figure 13 for the flow conditions at a density ratio of s = 0.55. The
velocity ratio is divided into half-planes where values of » < 0 indicate the class of
countercurrent mixing layers and values of r > 0 denote coflowing layers. The
experimental results from the present study lie in the negative half-plane and display
a nearly linear relationship between velocity ratio and growth rate. To compare the
results obtained for countercurrent mixing layers with those of coflowing layers, we
assume that the compressible growth rate can be expressed in the form

ddy _ €, C1—r)(1+5"%)

dx (1+rs*%) ’ 1)

from Papamoschou & Roshko (1988), where the constant C, depends on the
convective Mach number and C, depends on the technique used to evaluate the growth
rate (e.g. visual thickness versus Pitot thickness). We determined the product C, C, =
0.059 in our experiments by requiring agreement between the negative and positive
half-planes at » = 0, where the growth rate was measured as dé,,,/dx =0.10 at a
density ratio of s = 0.55. The product C, C, agrees reasonably well with values in the
literature if we take C, as the normalized compressible growth rate of 0.33, which is
essentially constant for convective Mach numbers greater than 0.8 (e.g. see figure 4 of
Clemens & Mungal 1992), and multiply it by the value of C, = 0.17, which correlates
the incompressible data of visual thicknesses from schlieren images, obtaining a value
of C, C, = 0.055.

The dashed line in figure 13 shows the predicted compressible growth rates from
equation (1) over positive and negative velocity ratios for conditions at s = 0.55. The
experimental growth rates appear to follow the model at moderate levels of
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counterflow, but clearly deviate from the theoretical curve in the neighbourhood of
r=—0.07, leading to growth rates in considerable excess of the predicted values. To
begin to understand the physical origin of the transition observed in figure 13 at
negative velocity ratios we must first reconsider the nature of the countercurrent
mixing layer which has been established in the near field of the jet. In the absence of
direct measurements of U, within the collar, we assumed a uniform velocity
distribution in the secondary stream in the jet exit plane (x = 0) and obtained estimates
of U, by monitoring the secondary mass flow; the velocity ratio, density ratio and
convective Mach number were corresponding defined at x = 0. But owing to an
adverse pressure gradient within the collar, the primary stream decelerates resulting in
a streamwise variation in these quantities over the region in which we obtain spatial
growth rate measurements.

To elaborate this point we return to the counterflow conditions of r =—0.13
examined in detail above. In the jet exit plane, where r is defined, the primary and
secondary velocities are 520 ms™' and —65ms™, respectively, at a stagnation
temperature of 7, , = 300 K. After the flow decelerates in the collar region (0 < x < L)
the local primary-stream velocity has been reduced to 495 m s and the counterflow
velocity is essentially zero; these conditions are maintained up to the termination of the
potential core at x/D =35. From the local quantities the flow conditions were
computed in the jet exit plane as r = —0.13, s = 0.55 and M, = 0.96, and downstream
in the constant-pressure potential core (L/D < x/D < 5)asr ~ 0, s =0.58, and M, =
0.82.

We now consider how these spatial variations may impact on our evaluation of the
compressible growth rates obtained by measurement of either &, or §,,. Corr-
oborating the work of Papamoschou & Roshko (1988), many investigators have
observed that the shear layer growth rate is insensitive to the level of compressibility
if the convective Mach numbers is greater than approximately 0.8. This implies that
variations in compressibility, due to changes in M, along the potential core, will have
little impact on the dynamics of the mixing layer since M, is everywhere greater than
0.8. Consequently, we examined the sensitivity of d§/dx to variations in s and r to
evaluate the leading parameter responsible for the elevated growth rates seen in figure
13. From (1) we estimate that the 5% increase in density ratio from x = 0 to x = L will
result in an increase in spatial growth rate of less than 1.5%, which clearly cannot
account for the experimental observations. Therefore, we believe that the trend
reported in figure 13 is uniquely due to variations in velocity ratio.

The rather large gradient in velocity ratio within the collar region must also be
considered as a potential source of uncertainty in the measurements. For instance, over
the spatial domain where Pitot measurements were made, we expect some variation in
velocity ratio up to x &~ L. Therefore, extending the linear fit to the data upstream of
x/D = 2.5 in figure 11 is not entirely justified even though the inclusion of the first two
data points does not appear to affect the value of dé ,;,/dx. But the following question
remains: since the growth rate measurements are based on the velocity field
downstream of the collar where counterflow does not exist, how are we justified in
claiming the results are indicative of a countercurrent mixing layer? A definitive answer
to this question probably cannot be made without creating a truly self-similar
countercurrent plane mixing layer; however, the fact remains that counterflow applied
in the jet near field does have a substantial impact on the shear layer evolution
downstream. Consequently, we believe the measurements capture the essential physics
of the countercurrent mixing layer through their imprint on the spatially developing
flow downstream of the collar exit. Despite this limitation, the measurements in figure
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FIGURE 14. Instantaneous images of jet centreplane: () free jet, and () jet with counterflow.

13 clearly indicate that shear layer growth rates can be significantly increased in the
presence of counterflow, which is important from an engincering perspective owing to
the finite spatial domain over which the counterflow was applied.

5.3. Effects of convective Mach number and density ratio

By normalizing shear layer growth rates measured in high-speed shear layers by those
of incompressible layers taken at similar values of r and s, Papamoschou & Roshko
(1988) isolated the independent role of compressibility on the flow evohution. The
shape of the normalized growth rate curve (figure 16 of their paper) indicates that
compressibility first becomes important at convective Mach numbers above 0.3 and
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continues to affect the flow development up to a convective Mach number of
approximately 0.8, above which the normalized growth rate is constant. In the range
of M, > 0.8 compressibility reduces growth rates to a level roughly 1 of that expected
in an incompressible layer at similar velocity and density ratios. Although this indicates
the importance of compressibility on the flow development, it also implies that the
shear layer dynamics will no longer depend on A, in this range; in other words,
convective Mach number invariance has been reached.

Since our measurements were made near the threshold convective Mach number of
0.8 we felt it would be wise to extend the study of the countercurrent mixing layer to
higher convective Mach numbers. This was accomplished by heating the primary flow
to a stagnation temperature of I; ; = 715 K by activating the in-line electrical tank
heaters discussed in §3. At the elevated temperature, the free jet shear layer operated
at a convective Mach number of 1.06 and a density ratio of 1.32; the specific heat ratio
across the mixing layer y,/y, varied by less than 0.5 % between the studies conducted
at different stagnation temperatures. The counterflowing conditions which were
examined correspond to a velocity ratio of —0.07, at a density ratio 1.32, and a
convective Mach number of 1.14, as determined in the exit plane at x = 0. Owing to
flow deceleration in the collar region these quantities achieved the values of s = 1.39
and M, = 1.01 in the constant-pressure potential core region formed downstream of
the collar.

A qualitative examination of the mixing region was undertaken by seeding the
primary stream with fine aluminium oxide particles as described in §3.2. Photographs
taken of the axial centreplane of the jet exposed for a duration of 11 ns are shown in
figure 14 with and without counterflow; the images extend from approximately 2.5 to
8 diameters downstream of the jet exit. The free jet photograph in figure 14(a)
illustrates the undisturbed potential core of the flow and the absence of significant
diffusion of the shear layers in the exposed region. Since the Stokes number of the
aluminium oxide particles is small (see §3.2), suggesting that the particles will follow
the flow, we do not expect illumination of the entrained secondary-stream fluid in these
images. As shown in figure 14 (b), we do observe significant excursions of the unmarked
fluid into the core region of the jet when counterflow is applied. The photograph of
figure 14(b) provides an indication of the violent nature of the disturbances in the shear
layer with counterflow as well as their scale compared to the free jet shear layer shown
in figure 14(a).

Images of the jet cross-section were obtained at x/D = 3.75 using light scattering
from the aluminium oxide particles and are shown in figure 15. The particles seeding
the free jet (figure 154) have experienced negligible radial diffusion in comparison to
the jet with counterflow (r =-0.07). Many of the photographs taken in the
counterflowing jet display a radial expulsion of core fluid as seen in the lower right
corner of figure 15(5); the clarity of the radially directed flow is less distinct at other
azimuthal positions owing to the finite depth of field of the lens system used to capture
the images. This behaviour implies the presence of a strong streamwise vorticity
component associated with the large structure in the shear layer, and is qualitatively
similar to the so-call side jets observed in self-excited and highly forced incompressible
jets by Monkewitz et al. (1989) and Russ, Strykowski & Pfender (1994). A close
examination of figure 15(b) reveals approximately five locations where we presume
there is significant radial outflow, a number which is consistent with the condensation
image of figure 7(b) at x/D = 3.75 where nominally five lobes were identified around
the jet perimeter.

To quantify the enhanced radial diffusion suggested by the laser sheet images,
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FIGURE 15. Instantaneous images of the jet diametral plane at x/D = 3.75:
{a) free jet, and (b) jet with counterflow.
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FIGURE 16. Normalized growth rates obtained in the free jet and the jet with counterflow. Solid circles
and squares indicate data obtained using Pitot probes and visual measurements, respectively.

detailed Pitot probe surveys were conducted following the approach outlined in §5.
Radial profiles having spatial resolution comparable to those presented in figures 9 and
10 were obtained over a streamwise distance corresponding to the potential core region
of the jet. Least-squares fits to the data were used to estimate the growth rates and are
summarized in figure 16 for data taken over the full range of stagnalion temperatures
examined in this study. Also included on the figure are the visual growth rates made
from the condensation photographs described in §5.2. The quantity &, corresponds to
the compressible growth rates determined experimentally either by visual means (8, =
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Method T, (K) M, y Foin dé./d,
Pitot 300 0.96 0.55 —0.13 0.117
Pitot 540 1.10 1.00 ~0.10 0.143
Pitot 680 1.13 1.26 —0.07 0.149
Visual 300 0.99 0.55 ~0.16 0.156

TABLE 1. Growth rate measurements of the countercurrent shear layer

dé,,,/dx) or by Pitot surveys (8, = dé,,,/dx). The compressible growth rates were
normalized by &, which is the growth rate predicted by the incompressible model given
by Papamoschou & Roshko (1988) as

5 — Cy(1—r)(1+5Y%)
: (1 +rst?) ’

where the empirical constant C, can be taken to be 0.14 and 0.17 when normalizing
growth rates based on Pitot and visual measurements, respectively.

The hatched region in figure 16 indicates a rather broad scatter in experimental
results taken from the literature. Measurement uncertainty, when reported, does not
account for all of the discrepancy, so it is likely that a combination of reasons may be
responsible for the large measurement bandwidth, including data taken outside a
region of self-similarity (M. Samimy 1993, personal communication) and differences in
initial conditions (Clemens & Mungal 1992). Growth rate estimates from the present
study without counterflow are seen to fall well within the reported uncertainty. An nth-
order uncertainty analysis (Moffett 1982) was performed for the data taken at 7; , =
300 K without counterflow (M, = 0.86;4,/4; = 0.302) to obtain a representative
estimate of the uncertainties in growth rate. Included in the analysis, in addition to
instrument imprecision, were uncertainties due to probe displacement effects within the
layer, errors from the least-squares fitting of the data, as well as uncertainties in
computing §; due to variations in r and s. Conservative estimates of these quantities
provided a total uncertainty of less than 4 % with a 95 % confidence as indicated by the
vertical error bar in figure 16.

Normalized growth rates are presented in figure 16 for the visual measurements
obtained at 7; , = 300 K and for detailed Pitot surveys conducted at temperatures of

= 300, 540 and 680 K. (It was not possible to hold the stagnation temperature to
w1th1n 0.5% at a nominal value of 715 K over the relatively long time period necessary
to collect the pressure profiles, consequently an upper temperature to 680 K was used
during this study.) For clarity, only data points corresponding to the minimum velocity
ratio at each stagnation temperature are presented; the growth rates are summarized
in table 1.

For purposes of comparison, the compressible growth rate &, in figure 16 was
normalized by the incompressible value §; taken at s from the table and r = 0. This
normalization was chosen to account for the observation that U, ~ 0 in the region
where the growth rate measurements were made, and also because there is some
question regarding the appropriateness of the incompressible model given by equation
(2) when applied at negative velocity ratios. Using this normalization, the growth rates
with counterflow are consistently 60 % greater than the corresponding values in the
free jet at all density ratios examined. If, on the other hand, we assume that the density
and velocity ratios measured in the jet exit plane are representative of the shear layer
dynamics downstream of the collar and we normalize by §; evaluated at r and s from
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FiGURE 17. Dependence of compressible growth rate on velocity ratio.

the table, the values of §,/4; are still between 30% and 40% greater than those
predicted from the existing literature at all convective Mach numbers studied.

The inability to collapse the compressible growth rate data using the incompressible
model given by (2) demands further inquiry. First, it is necessary to consider the
validity of the relationship given by §; = &;(r, s) which is based on physical arguments
for a purely convectively unstable system which may not be relevant at negative
velocity ratios. This issue will be addressed by studying the spatio-temporal theory of
compressible countercurrent shear layers in §6. We can, however, isolate the
functional dependence of &, on velocity and density ratios if we assume that changes
in compressibility will only play a minor role in the shear layer dynamics. This seems
reasonable since the convective Mach number is greater than 0.8 for all shear layers
examined during this study. We can identify the relationship &, = f{r, 5) by presenting
all growth rate measurements in the velocity ratio space as shown in figure 17. To
accommodate both Pitot and visual estimates of &, we corrected the values of d,,,/dx,
taken from figure 13, by the constant C, necessary to force agreement between the
visual and Pitot measurements at » = 0. The dependence of 6, on r obtained from the
two independent studies at s = (.55 is in good agreement over the range of velocity
ratios examined.

The curves in figure 17 show that the compressible growth rate can be increased up
to approximately 60 % at all density ratios, in agreement with the minimum r-values
presented in figure 16. However, the magnitude of the counterflow necessary to achieve
a particular growth rate is a strong function of the density ratio. The data clearly
indicate that less counterflow is required to reach similar levels in &, when the density
of the primary stream is less than the density of the secondary stream, i.e. when s is
greater than unity. The function f{r,s) can be estimated using the following heuristic
arguments. First, we know that the effect of density ratio on the compressible growth
rate can be eliminated at r = 0 by employing the scaling factor of 1+s*2 which is
proportional to the incompressible growth rate at zero velocity ratio (see equation (2)).
This scaling effectively unifies values of ¢, at r = 0 for the data in figure 17, but not for
negative velocity ratios. The data can be described universally over the present
parameter space through the observation that the growth rate for r < 0 is directly
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FiGure 18. Dependence of normalized compressible growth rate on mass flux ratio.

proportional to the magnitude of r and s. This implies that the scaling parameter is the
mass flux ratio rs which together with the ordinate of 8,/(1 + s*/?) is seen to collapse the
data reasonably well in figure 18. The reason for this scaling is unclear but must be
related to the unique stability of the countercurrent mixing layer. This question
motivated an examination of the spatio-temporal theory of compressible shear layers
for negative velocity ratios which is the topic of the next section.

6. Stability of compressible countercurrent shear layers

The connection between the local flow properties of absolute and convective
instability and the global flow response has been discussed in detail by Huerre &
Monkewitz (1985, 1990) and Chomaz et al. (1988), among others. These studies
conclude that spatial stability theory appropriately describes the flow evolution if local
conditions are dominated by a convective instability, but that temporal theory is
required to accurately describe the development if a sufficiently large domain of the
flow is absolutely unstable. Many investigations have examined the convective-
absolute transition over a wide range of flow conditions including wakes (Koch
1985; Monkewitz & Nguyen 1987; Hannemann & Oertel 1989), jets (Monkewitz &
Sohn 1988; Jendoubi & Strykowski 1994), and mixing layers (Huerre & Monkewitz
1985; Pavithran & Redekopp 1989; Jackson & Grosch 1990; also for confined mixing
layers see Peroomian & Kelly 1994).

In the present context we refer to the closely related work of Pavathran & Redekopp
(1989), Jackson & Grosch (1990), and Jendoubi & Strykowski (1994), where the
neutral boundary separating absolute and convective instability has been identified in
plane and axisymmetric mixing layers. These authors found that subsonic mixing
layers become increasingly unstable by reductions in either velocity ratio or convective
Mach number or increases in density ratio. But it was observed that absolute instability
can only be supported in mixing layers at negative velocity ratios, i.e. for U, < 0.
Furthermore, the magnitude of the counterflow necessary to reach the neutral
boundary was found to be quite excessive, in particular if the trends at subsonic Mach
numbers were indicative of those extended to supersonic flow conditions. The aim of
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FIGURE 19. Axisymmetric counterflowing jet.

the present analysis was to extend the calculations to convective Mach numbers greater
than unity to evaluate whether absolute instability could be responsible for the global
flow development in the supersonic jet examined in the experimental portion of this
study. An overview of the analysis is presented below and the reader is referred the
work of Jendoubi & Strykowski (1994) for a more detailed discussion.

The geometric configuration of the jet to be investigated is shown in figure 19. The
axial, radial, and angular directions of the flow are denoted by x, y, and ¢, respectively.
Fluid of centreline static temperature 7; and velocity U, is surrounded by ambient fluid
having a temperature and velocity given by 7, and U,, respectively, where the ambient
flow direction can be taken to be either coflowing or counterflowing to the jet fluid;
both streams are considered to be inviscid and the ambient fluid extends to infinity in
the radial direction. The mean flow is assumed to be laminar and locally parallel to the
Jjet axial direction, and the axisymmetric streamwise velocity distribution is taken to
have the following cross-stream dependence:

U(y)=¥+1—;—rtanh[§je—y)], 3)

where D is the jet diameter and ¢ is the momentum thickness of the shear layer; the
temperature distribution is taken to satisfy the Busemann—Crocco relation (Schlichting
1978).

The stability of the axisymmetric shear layer is studied by introducing a perturbation
of the form

g =q'(x,5,,1) = q(y)elemi=, @)

which assumes that the fluid motion can be divided into a mean component and
disturbed motion, where ¢’ represents any fluctuating quantity. The wavenumber « and
frequency w are complex quantities allowing disturbance growth in space and time, and
m is the azimuthal mode number; m = 0 represents axisymmetric waves and m == 0
indicates helical modes. Following an analysis originally proposed by Michalke (1971),
a nonlinear differential equation for the disturbances is solved using a shooting
method. For a prescribed profile shape defined by a choice of D/#, s,r, and M,, as well
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FiGure 20. Absolutc—convective stability boundary for axisymmetric disturbances.

as a selection of wavenumber « and mode number m, integration yields the eigenvalue
w satisfying the disturbance equations and boundary conditions. Many investigations
(Briggs 1964; Akhierzer & Polovin 1971; Bers 1983; Huerre & Monkewitz 1985)
developed criteria for identifying whether wave growth in an unstable system would
evolve locally or the wave would be convected away from its origin during
amplification. In particular, it must be determined whether the wave having zero group
velocity is amplified or damped in time, the former corresponding to an absolute
instability and the latter to convective instability. (The zero group velocity wave must
also satisfy the pinching requirement; see Bers 1983.)

The neutral boundary separating regions of convective and absolute instability was
identified for the velocity profile defined by (3) in a parameter space involving r, s, and
M,. The neutral boundary for axisymmetric waves (m = 0) in the (r, M )-plane is
shown in figure 20 at several values of 5. The region above each s-curve corresponds
to convective instability and the region below to absolute instability. All stability
boundaries display a monotonically decreasing stability with increasing density ratio.
In other words, for fixed coordinates of r and M, the flow tends toward absolute
instability as the primary density is reduced relative to the secondary stream, e.g. as the
jet temperature is increased. It can also be observed that absolutely unstable flow is
only possible in the presence of counterflow. The stability boundaries at subsonic
convective Mach numbers are in close agreement with those of Huerre & Monkewitz
(1985) and Pavithran & Redekopp (1989) indicating that absolute instability can be
achieved in low-speed flows with very modest levels of counterflow, but that significant
backflow is required as the convective Mach number is increased.

Perhaps the most interesting result of figure 20 is the dependence of the
convective-absolute boundary on M,. Independent of density ratio, it can be seen that
the stability behaviour is abruptly reversed as the convective Mach number passes from
subsonic to supersonic. At fixed values of r and s the flow tends toward absolute
instability, and away from convective instability, with increasing convective Mach
number in the domain where M, > 1. Hence, the convective Mach number uniquely
identifies two distinct flow regimes, a property not displayed by other parameters such
as the primary-stream Mach number U,/a, (also see Jackson & Grosch 1990).
Furthermore, the trend seen for M, > 1 in figure 20 has not been reported previously
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FIGURE 21. Absolute-convective stability boundary of helical disturbances for s = 1.0.

in studies where purely spatial or purely temporal theory has been examined such as
the work of Gropengiesser (1970), indicating the importance of including wave growth
in space and time.

A close examination of the stability curves in figure 20 reveals that considerable
counterflow is required to reach absolute instability at the density ratios of the
counterflowing jet summarized in table 1. The minimum #-value of —0.13 achieved
experimentally at s = 0.55 (M, = 0.96) can be compared to a theoretical value on the
neutral curve, separating regions of convective and absolute instability, of r, =
—0.465. Theoretical values of r,, obtained at density ratios of 1.00 (M, = 1.10) and
1.26 (M, =1.13) are —0.356 and —0.321, respectively. Although considerably less
counterflow is required to reach r,, as the density ratio is increased, the magnitude of
the counterflow in the experiments is clearly insufficient to expect the local velocity field
to support the absolute instability of two-dimensional disturbances.

The highly three-dimensional character of the counterflowing jet, as indicated by the
images of figures 7 and 15, suggests that the stability of two-dimensional waves alone
cannot be expected to account for the experimental observations. Sandham &
Reynolds (1990) have shown that the most spatially unstable waves in plane mixing
layers undergo a transition from two-dimensional to oblique as the convective Mach
number is increased above 0.6. Consequently, it can be anticipated that helical waves
may become absolutely unstable in the axisymmetric shear layer as M, is increased.
Therefore, we extended the spalio-temporal theory to include azimuthal mode
numbers up to m = 6; a representative family of stability curves for s = 1 is presented
in figure 21. The non-monotonic relationship between r,, and M, is borne out for all
mode numbers; however, the minimum p-value occurs at lower convective Mach
numbers as m1 is increased. This leads to a transition at M, &~ 0.75 where helical waves
become more unstable than axisymmetric ones. Stability calculations performed at
other density ratios indicate that the critical convective Mach number is relatively
insensitive to density ratio (e.g. M, ~ 0.76 at s = 2.0). Hence, for all convective Mach
numbers examined in the experiments we anticipate that the flow will be dominated by
three-dimensional disturbances even if the conditions necessary to achieve absolute
instability are not satisfied.
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A comparison of the stability boundaries from figure 21 reveals a reduction in the
magnitude of r,, from 0.356 to 0.265 for modes m = 0 and m = 6, respectively, at the
corresponding experimental conditions from table 1 (s = 1.0; M, = 1.10). Although
there is a significant reduction in the level of counterflow needed to establish local
absolute instability for three-dimensional waves, the theoretical velocity ratios are still
significantly lower than the velocity ratios reported experimentally (r > —0.10 for s =
1.0). However, one of the difficulties of comparing the theoretical and experimental
results lies in the fact that the measured velocity ratios are based on estimates of U,
made in the jet exit plane which may not be entirely representative of the flow
conditions within the collar itself. The pressure perturbation profiles obtained in the
shear layer (figure 5) together with flow visualization (figures 6 and 14) suggest that the
disturbance levels will be quite high in the shear layer of the counterflowing jet. These
conditions will give rise to significant cross-stream momentum transport and enhanced
entrainment of the secondary stream by the primary jet. Consequently, a large fraction
of the mass which enters the collar from the ambient air will be carried away in the
primary stream, and the remainder will be drawn into the collar and vacuum system.

Recent measurements reported by Strykowski, Krothapalli & Forliti (1995) in a
rectangular jet with counterflow under nearly identical conditions to the present study
indicate that flow accelcration within the collar results in a variation in velocity ratio
from —0.10 in the jet exit plane to —0.40 within the collar itself. (These measurements
were made at s = 0.55 and M, = 0.94 using particle image velocimetry in a rectangular
jet operating at a primary stream Mach number of 2. This non-intrusive technique was
not employed in the present study owing to the severe restriction imposed by the
axisymmetry of the collar geometry.) The significant acceleration of the secondary flow
suggests that the conditions for local absolute instability may be set up within the
collar. Whether a sufficiently large region of the flow can support absolute instability
and thereby self-excitation is still an open question. However, the experiments do
provide convincing evidence that moderate levels of secondary flow drawn through the
vacuum system can result in significant increases in shear layer growth rate. This is
particularly important given the theoretical prediction that less counterflow will be
required as the primary-stream density is reduced, since this is the case in a high-
temperature jet exhaust.

7. Summary and conclusions

A series of experiments were performed in a Mach 2 axisymmetric jet to examine the
influence of counterflow on compressible shear layer development. A secondary
stream, travelling in the direction opposed to the primary flow, was used to establish
negative velocity ratios in the laboratory frame of reference. Growth rates of the
compressible shear layer obtained using Pitot surveys and flow visualization indicate
that significant shear layer diffusion can be achieved using counterflow. Spatial growth
of the shear layer at negative velocity ratios was almost 60% greater than that
measured in a coflowing layer at a similar density ratio and convective Mach number.
Instantaneous planar light sheet imaging of the flow revealed that distinct three-
dimensional structures develop in the shear layer owing to counterflow; fast response
pressure transducers were also employed to verify enhanced turbulence levels in the
countercurrent shear layer. Heating of the primary flow was used to extend the range
of convective Mach numbers studied and to evaluate the influence of density ratio on
the flow development. It was observed that spatial growth rates at negative velocity
ratios were proportional to the mass flux ratio across the shear layer. The spatio-
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temporal stability of the compressible axisymmetric shear layer was examined to
identify the neutral curve separating regions of convective and absolute instability in
the flow. Contrary to results obtained using spatial theory alone, the spatio-temporal
theory indicates that the shear layer becomes increasingly unstable as the convective
Mach number is increased for values of M, greater than unity.

One of the primary motivations for the present study was the development of
efficient control schemes for the rapid diffusion of compressible shear layers. The
underlying premise of the research was the belief that viable approaches to shear layer
control should exploit the inherent instability of the flow thereby eliminating the need
for externally driven actuators which would require considerable power consumption —
in practice the inherent instability may affect the global flow development through self-
excitation. Berman & Ffowcs Williams (1970) described this approach as perhaps the
most promising one to tackle the challenging problem of suppressing supersonic jet
noise. Encouraged by the success of employing counterflow to enhance subsonic jet
diffusion (Strykowski, Krothapalli & Wishart 1993), we extended the concepts to
convective Mach numbers where mixing between dissimilar streams is relatively poor.
Although the experimental results clearly indicate the important role of counterflow in
shear layer diffusion, the connection between the laboratory observations and the
underlying theoretical framework remains unclear.

Spatio-temporal theory does indicate that absolute instability can be achieved for
both two- and three-dimensional disturbances at supersonic convective Mach numbers
at modest negative velocity ratios. However, the experimental results suggest that
enhanced shear layer diffusion can be achieved at levels of counterfiow significantly less
than would be required for absolute instability. This finding, together with the fact that
a global bifurcation was not observed at velocity ratios less than zero, suggests that the
enhanced diffusion is principally caused by the increased shear of counterflow coupled
with the reduced convective velocities expected at negative velocity ratios. Meas-
urements made in compressible plane shear layers (Strykowski ef al. 1995) suggest that
the counterflow within the collar region may be higher than that observed in the jet exit
plane. Whether or not these levels are sufficiently high to support absolute instability
in the present flow is unknown, but this may explain why the experimentally
determined growth rates shown in figure 13 exceed the theoretical predictions which
have successfully represented measurements made in coflowing mixing layers.
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