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Tone Excitation of a Supersonic Bounded Shear Layer

Mahadevan Ramaswamy* and Eric Loth'
University of Illinois at Urbana—Champaign, Urbana, Illinois 61801-2935

Passive acoustic excitation was employed to augment mixing in a bounded planar supersonic shear layer. It
was found that acoustically reflective surfaces, both downstream and below the shear layer, were essential for this
resonance excitation to occur, and an upstream acoustically reflective surface augmented this excitation. However,
none of these surfaces directly contacted the shear layer. Based on total pressure measurements, as much as
100% augmentation in mixing layer growth rate was achieved with this passive excitation system even at pressure
matched conditions. Shadowgraph images of the shear layer showed the presence of singular coherent large-scale
structures, and the acoustic spectra measured below the shear layer indicated the presence of a dominant frequency
with overall high energy for the excited flow compared with a lower energy broadband spectrum for the unexcited
flow. The results indicate that a combination of streamwise and transverse modes may be responsible for the

excitation.

Introduction

ECENT interest in supersonic combustion (Scramjet) propul-

sion systems has resulted in extensive experimental and
theoretical efforts to understand the compressible mixing process.
Experimental and computational results'=® have shown that com-
pressibility in such free shear layers (two stream and single stream)
plays an important role in causing up to a fourfold reduction in mix-
ing compared with the incompressible case at the same velocity and
density ratios. To achieve an efficient Scramjet propulsion system,
provisions for enhanced mixing are needed in short residence time
combustors because of the reduced mixing at high Mach numbers
caused by the inherent stability of such flows.

Several methods have been employed to study the possibility
of mixing augmentation in compressible mixing layers. Increased
mixing between supersonic reactant streams in chemical lasers has
been achieved by essentially increasing the interfacial area between
coflowing streams by using trip jets and ramp nozzles.® Also, there
have been several attempts to increase the fundamental mixing for
flows with fixed interfacial area, including gasdynamic interaction,
streamwise vorticity addition, acoustic excitation, etc.

One such gasdynamic interaction technique for mixing augmen-
tation in supersonic streams is the shock-shear layer interaction.
Strong shock waves cause increased turbulence downstream in the
shear layer,” which can aid in increasing the mixing. Also the mis-
alignment of the pressure gradient and the density gradient caused
by the impinging shock wave gives rise to baroclinic vorticity gen-
eration that may also augment mixing. The experimental work of
Menon?® indicated that the shock-shear layer interaction coupled
with a backward-facing step can be employed for this purpose. How-
ever, experiments conducted by Shau et al.” and Ramaswamy et al. '
have shown that, for a two-dimensional shear layer, an oblique com-
pression interaction yields only a local improvement in mixing aug-
mentation. Also, strong shocks cause total pressure loss, which re-
duces the efficiency of the propulsion system.

A second technique to augment mixing is to add streamwise vor-
ticity. Naughton and Settles!! have shown that increased mixing be-
tween coflowing axisymmetric supersonic streams can be achieved
by adding streamwise vorticity using vortex generators. Similarly,
addition of streamwise vorticity using delta tabs'? has resulted in a
dramatic increase in axisymmetric jet mixing. However, addition of
streamwise vorticity for the two-dimensional shear layer does not
significantly improve mixing.'1* This lack of augmentation using
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streamwise vorticity addition for planar shear layers may be related
to the lack of helical instability modes that are present in the axisym-
metric counterpart. For example, consider the two-dimensional sub-
sonic stream experiments conducted by Bell and Mehta.' In these
mixing layers, the streamwise vortices are found to break up the
growth of the large-scale spanwise vortices and can augment mix-
ing only for a short downstream distance. But beyond a point, the
mixing layer growth rate is reduced (sometimes even below the nor-
mal level), presumably because of the absence of entrainment by
large spanwise structures present in the unperturbed mixing layers.
These results indicate that, for increased mixing in high-speed two-
dimensional shear layers, it may be more advantageous to strengthen
the spanwise vortices for greater entrainment as opposed to stream-
wise vorticity addition.

A third augmentation technique is to use acoustic waves to ex-
cite the instability modes. Note that this technique differs from the
standing gasdynamic wave interactions mentioned earlier in that we
now consider acoustic waves that propagate with respect to the test
section. Although active acoustic excitation has been widely used
for subsonic planar shear layers, such excitation of the supersonic
counterpart is not as common. One reason for this is that supersonic
mixing layers require much higher amplitudes of perturbation, be-
cause of their inherent stability and high turbulence energy levels,
to achieve any significant change in flow development. In recent
active acoustic excitation experiments, Pimshtein'¢ excited an axi-
symmetric supersonic jet using high-intensity acoustic waves with
sound pressure levels on the order of 162—-170 dB. He concluded
that the acoustic-supersonic jet interaction mechanism takes place
close to the nozzle exit. Poldervaart et al.!” and Pimshtein'® have
shown that the acoustic excitation of jet mixing layers is effective
only when the waves are incident from the upstream quadrant, e.g.,
propagating normal to or in the streamwise direction. However, the
energy levels required to actively excite the supersonic shear layer
are extremely high.!® One potential method to overcome this diffi-
culty may be to adopt passive excitation methods.

Glass'” investigated the effect of passive acoustic feedback on the
spread rate of underexpanded sonic axisymmetric jets. The acous-
tic feedback loop consisted of screech tones generated by the jet
(the screech tones are related to the length of shock cells), which
travel upstream and are reflected close to the nozzle exit back into
the jet by an acoustically reflective surface. He found that the re-
flected screech noise significantly altered the jet characteristics and
yielded as much as a 50% increase in jet spread rate compared with
the unexcited case. Recently, Yu et al.'® used a combination of a
Mach 2 axisymmetric freejet and different size (both hemispherical
and rectangular) cavities and obtained up to 90% augmentation in
shear layer growth rate.

In all of the aforementioned studies on excitation, the flowfield
was an axisymmetric freejet. In comparison, there are very few stud-
ies of planar shear layers that are bounded on one or more sides that
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have been passively excited. In bounded two-dimensional flows,
the absence of flapping and helical instability modes can reduce
the mixing layer growth rate. An example of a bounded flow ge-
ometry that has allowed aeroacoustic excitation is the cavity flow.
Rossiter,?® while studying the flow over rectangular cavities at sub-
sonic and transonic speeds, found the presence of both random and
periodic unsteady pressure components in the cavity. The shallower
cavities were dominated by random components, whereas periodic
components dominated the deeper cavities. Also, large-scale struc-
tures were found to be present in the shear layer formed over the
cavities.

In this study, we examine the augmentation of a bounded super-
sonic planar shear layer with zero velocity ratio, at pressure matched
conditions using tone excitation with acoustically reflective sur-
faces. These excited cases, at a minimum, require two acoustically
reflective surfaces that are placed such that one forms a lower wall
below the supersonic shear layer and the other is placed near the
downstream end of the test section just above this wall, but not in the
shear layer itself. The results show that the shear layer development
is significantly affected by the acoustic feedback with the formation
of large-scale structures resulting in as much as 100% augmentation
in mixing layer growth rate compared with the unexcited case. We
consider the results to be unique in that we were able to achieve very
high mixing augmentation for a bounded two-dimensional shear
layer without active excitation, by using resonance-based acous-
tically reflective surfaces, as opposed to only shock cell structure
oscillations.

Experimental Method

The experiments were performed in a single-stream supersonic
shear layer facility. The air for the supersonic jet is supplied from
a tank farm that is fed from a compressor capable of supplying 33
m>3/min of air at 7.8 atm. Since the compressor supply rate exceeds
the airflow rate of the jet (0.5 kg/s), continuous operation of the
wind tunnel is facilitated. The air is fed to the test section through
a pneumatic regulator that maintains uniform flow conditions. The
dimensions of the nozzle at the exit are 50 mm wide x 13.5 mm
high with a spatially uniform exit Mach number of 1.65 (verified
with pitot surveys). The lower wall of the single-stream supersonic
wind tunnel extends only to the splitter plate tip, with a trailing-edge
thickness of 0.1 mm. The subsequent rectangular test section mea-
sures 100 mm long and 50 mm wide, with the bottom open to allow
the entrainment of ambient air. Mixing was achieved between the
supersonic stream above and the entrained air below. The Reynolds
number of the flow based on the velocity difference and shear layer
thickness based on shadowgraph images is 2.1 x 10°, at about 45
mm downstream from the splitter tip, which constitutes a fully tor-
bulent shear layer. In addition, the boundary layer itself is turbulent
at the nozzle exit.?! The theoretical convective Mach number of the
flow is about 0.74, and the relative Mach number is about 1.5 (see
Ref. 21). Figure 1 shows the experimental setup with the relevant
dimensions.

The initial objective of these passive excitation experiments was
to excite the planar shear layer in a manner similar to that of Glass'?
for an axisymmetric jet. As this configuration was not successful,
we tried exciting the flow by placing an acoustically reflective sur-
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Fig. 1  Schematic of the experimental setup for the baseline excited
case (both cylinders 19 mm in diameter).

face on the downstream side (based on the results of Pimshtein!'®
and Poldervaart et al.'”). In this process, we noted that acoustic
isolation by the addition of a lower wall was necessary for pas-
sive acoustic excitation to occur. Experiments with other configu-
rations were performed to determine the germane features of this
excitation in terms of necessary geometry and resulting flowfield
characteristics.

The experimental setup in Fig. 1 shows the configuration for the
baseline excited case, where passive excitation of the planar jet mix-
ing layer was achieved by judiciously placing acoustically reflective
surfaces near the flow. This consisted of an acoustically reflective
lower wall and 19-mm cylinders downstream and upstream of the
test section. The baseline unexcited case was achieved by simply
removing the acoustically reflective lower wall and the cylinders.
Several other geometry variations that were investigated include the
removal of one or both of the cylinders, reducing the cylinder diam-
eters (to either 13 or 6 mm) or replacing the cylinders with vertical
flat plates (either 20 or 29 mm in height). Also, acoustic damping
was achieved in these experiments by placing a sponge of 6-mm
thickness over the Jower wall or by the removal of the lower wall
itself.

To study the effect of acoustic excitation on the shear layer, pitot
probe measurements, shadowgraph photos, and acoustic pressure
measurements were all taken for both the excited and unexcited
baseline cases. The pitot probe was made by soldering a 6-mm-
long 1.6-mm-diam tube to a 3-mm-diam tube that was connected
to a pressure gauge. Several tests were conducted to ensure that the
probe size was sufficiently small to avoid disturbing the shear layer
evolution.?? The Rayleigh formula was used when the probe was in
the supersonic stream and the isentropic relation was used when in
the subsonic portion to compute the total pressures from the pitot
probe data.

Instantaneous and multiple exposure shadowgraphs of the flow
for several conditions were also obtained. The shadowgraph setup
used was a standard one consisting of a xenon micropulser, spatial
filter, a collimating lens, and a 35-mm camera. The instantaneous
shadowgraphs were taken with a pulse of approximately 1-us dura-
tion. For the multiple exposure shadowgraph images, five of these
light pulses were used for a single image.

The acoustic measurements inside the test section were made
for different cases with a microphone head placed inside the test
section at about 55 mm downstream of the splitter tip and 66 mm
below the top wall, but just above the lower wall. The acoustic
data acquisition consisted of a capacitance type microphone (ACO
Pacific, Model 7016) with a built-in preamplifier (Model 4012), with
a nearly constant frequency response up to 100 kHz. This frequency
range was sufficient to find the most dominant frequency of the
large-scale structures in the mixing layer. At least 32 ensembles
with 2000 data points each were digitally sampled at 200 kHz for
each case using an A/D board and IBM personal computer (details
can be found in Ref. 22). Then the microphone data were digitally
processed with a MATLAB Butterworth filter (with a coefficient
of five and a bandpass between 100 Hz and 200 kHz). Based on
the microphone frequency response and the filter frequency, only
the spectrum between 200 Hz and approximately 75 kHz can be
regarded with confidence. Thus, the acoustic measurements cannot
provide details of the small-scale spectra. From MATLAB, the rms
of the voltage for each of the ensembles and the power spectral
density were obtained. The sound pressure level (SPL) in decibels
was computed using a P of 2 x 10~° Pascal and the standard
relationship

SPL = 2010g,0( Pans/ Pret) &y

Results and Discussion

Overall Observations of Excitation Geometries

This section is composed of simple auditory and visual observa-
tions (using shadowgraphs) of the effect of different configurations
obtained with the acoustically reflective surfaces placed around the
shear layer. We first discuss some of the unique observations made
during these acoustic excitation experiments and compare them
with similar previous studies. In this paper, excitation is defined as
changes in the flow characteristics from the baseline unexcited case
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in the form of appearance of distinct high-energy audible tones and
a substantial increase in the shear layer thickness.

Glass' and Jungowski?? used acoustically reflective surface up-
stream of the nozzle of underexpanded jets to reflect the screech
tones for exciting the flow. When we conducted similar experi-
ments by placing an acoustically reflective plate upstream of the
two-dimensional nozzle exit for both matched and unmatched exit
pressure conditions, we did not observe any excitation for any an-
gular orientations of the plate. The ineffectiveness of the screech
mechanism in exciting this two-dimensional shear layer might be a
result of the absence of either a helical mode or a jet flapping mode
(since the present single-stream shear layer was bounded on all
three sides) or because the upstream propagating screech tone was
not strong enough to excite the flow. But when an acoustically reflec-
tive lower wall was employed along with a single 19-mm aluminum
cylinder downstream and below the shear layer (as in Fig. 1 with-
out the upstream cylinder), a high-amplitude single-tone frequency
was clearly noted, and significant changes in the jet development
were concurrently observed. The addition of a second cylinder up-
stream of the splitter tip (as shown in Fig. 1) further augmented the
excitation. However, when the downstream cylinder was removed,
with or without the upstream cylinder and the lower wall in place, no
excitation was noticed. In addition, tests with the downstream cylin-
der in place (with or without the upstream cylinder) but no lower
wall also resulted in no excitation. Note that both the downstream
cylinder and the lower wall were placed significantly below the free
shear layer (Fig. 1). Based on tests with several other configurations
to be discussed later, it was determined that both an acoustically
reflective lower wall and a downstream surface (e.g., cylinder or
flat plate) were necessary for the excitation, whereas the second
upstream surface only augmented this phenomenon.

Experiments similar to the baseline exited case were conducted
by replacing the 19-mm-diam cylinder with a 12.5-mm-diam cylin-
der and flat plates of transverse height 20 and 30 mm. In all of
the cases, excitation was observed at nearly the same tone, though
the intensity increased with an increase in the size of the down-
stream acoustically reflective surface. A list of the different con-
figurations tested and their effect on excitation is compiled in
Table 1.

To investigate whether this effect was related to the interaction
of eddies shed from the downstream cylinder by the entrained air,
we extended the rear half of the downstream cylinder with a thick-
ness equal to that of the cylinder diameter itself, for about 120 mm
outside the test section. Even under this circumstance, the excita-
tion was present and the tone was preserved. The insensitivity to
the eddies shed from the downstream surface is consistent with the
eddy shedding frequency being an order of magnitude lower than
the observed excitation frequency.?” This frequency was found to
be independent of the size and shape of this downstream reflecting
plate as will be discussed later.

When the lower wall was covered with a 6-mm-thick sponge or
when the downstream cylinder was covered with a sponge, the ex-
citation was completely eliminated. When the downstream cylinder
was placed such that it was in the supersonic stream, the excitation
died out completely, and when it was in the shear layer, the exci-
tation was highly attenuated. These experiments indicate that the
downstream cylinder and the lower wall excite the flow based on
their acoustically reflective properties.

Table 1 List of cases

Configuration type Excitation SPL (dB)
Baseline unexcited No 134
Lower wall only (no cylinders) No 140
Baseline excited with sponge No 138
30-mm flat plate with sponge No —2
Two cylinders only No e
Baseline excited Yes 161
20-mm flat plate Yes i61
30-mm flat plate Yes —
Single cylinder 4 lower wall Yes 158
12.5-mm cylinder Yes —_

ANot measured.
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Fig.2 Mixing layer thickness vs downstream distance (based on Mach
number profile).

It was also observed that the single-tone excitation noise be-
came audible only when the flow became supersonic but existed
at roughly the same frequency for overexpanded, underexpanded,
and matched exit pressure conditions. Therefore, quasi-steady-state
shock cell oscillations present in the supersonic stream at unmatched
exit pressure conditions are not necessary for this flow excitation
(i.e., the conventional screech tone is not the primary excitation
mechanism). Additional measurements to be discussed later showed
that the changes in the distance from the splitter plate to either the
lower acoustic wall or downstream cylinder yielded changes in the
observed tone frequency. All of the preceding observations suggest
that the mechanism involves an acoustic reflection propagating up-
stream or transversely in the subsonic flow below the shear layer
and (as stated earlier) requires two acoustically reflective surfaces.

Stagnation Pressure Survey Results

The pitot probe data were also used to compute the Mach number
profiles in the flow by using Rayleigh’s equation in the supersonic
portion of the flow and the isentropic relation in the subsonic sec-
tion. A mixing layer thickness by was then defined based on the
difference between the vertical positions where the Mach numbers
were between 95 and 5% of the jet exit value. Based on the com-
puted Mach number profiles, the shear layer thickness at various
axial locations is plotted in Fig. 2. From this, we find that axial
growth rate of both the baseline excited and unexcited cases to be
linear, with the growth rate for the excited case being roughly twice
that of the unexcited case. The growth rate for the unexcited case is
about 40% of that for the incompressible case of comparable density
and velocity ratjos. Such a reduction in mixing layer growth rate for
the compressible flow is consistent with those observed by several
researchers at arelative Mach number of 1.5 (see Ref. 21 for details).

Spark Shadowgraph Studies

Spark shadowgraph images of the flowfield were made with var-
ious configurations as given in Table 1, where all of the experi-
ments were conducted under pressure matched conditions. The re-
sults given next are based on several shadowgraph images for each
configuration; however, for brevity, we present only a few exam-
ple images herein. All of the shadowgraph images presented have
markings at the bottom of the field of view (FOV) that coincide
with the test section window of Fig. 1. Here the flow is from left to
right. The largest vertical markings are at distances of 23, 46, 68,
and 91-mm downstream from the splitter tip. Occasionally, the 23-
and/or 91-mm markings are not visible.

Figure 3 shows a typical single-exposure shadowgraph image for
the baseline unexcited case. The multitude of weak gasdynamic
waves that are clearly visible starting from the left-hand side of the
jet are a result of slight pressure mismatch (which was less than 1%
of the ambient pressure) and small-scale turbulent structures causing
weak expansion and compression waves crossing through the super-
sonic flow. Such small-amplitude waves are expected to have very
little effect on the overall shear layer development.!” We also note
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Fig. 3 Single-exposure shadowgraph of baseline unexcited case.

Fig. 4 Single-exposure shadowgraph of baseline excited case.

that a bright streak, which can be interpreted as an optical delineator
for the sonic line (as evidenced by the termination of gasdynamic
waves along this streak), is roughly horizontal and extends all of the
way to the end of the FOV. This line is inclined slightly toward
the upper wall, which is consistent with the streamwise decay of
the supersonic core. The shear layer spreads more into the ambient
air below where most of the turbulent structures are seen, than into
the supersonic stream. The multiple-exposure shadowgraph for the
unexcited case is very similar to this single-exposure shadowgraph
showing a stable optical sonic line delineator that extends all of the
way to the end of the FOV.22 The appearance of such a single sonic
line delineator in the multiple-exposure shadowgraph indicates that
this line did not undergo significant fluctuation, which is consistent
with other studies where a planar jet was bounded on one side by a
rigid wall. The only major difference of the multiple-exposure shad-
owgraph from the single-exposure shadowgraph was that the turbu-
lent structures appear more diffused because of their superposition.
A single-exposure shadowgraph image for the baseline excited
case is shown in Fig. 4. Two striking differences compared with the
baseline unexcited case become evident from these figures. The first
difference is that the jet spreads more compared with the baseline un-
excited case (consistent with the pitot probe data). The second differ-
ence is that the optical sonic line delineator for the baseline excited
case does not extend all of the way to the end of the FOV in contrast to
the baseline unexcited case. It typically disappears at about §5-mm
downstream from the splitter tip. In the multiple-exposure shadow-
graph for this baseline excited case, we could clearly see at least two
sonic lines emanating from the splitter tip.?? This shows that the ex-
citation of the flow is coincident with strong vertical fluctuation of
the shear layer. To our knowledge, this pseudofiapping has not been
documented previously for a two-dimensional bounded shear layer.
To give further evidence that the excitation is caused by the
downstream surface and the lower wall as noted in the preceding
section, shadowgraphs were taken with the other configurations of
Table 1. Often, a fairly large structure that resembles a forward in-
clined and elongated S can be seen in the mixing layer at various

streamwise locations. However, only one such large-scale structure
was observed at any instant, which indicates that the wavelength
between these structures is greater than the length of the FOV. It was
noted that the large-scale S structures were found only for the condi-
tions that also produced tone excitation, increased spread rates, and
increased sound pressure levels. The size of the structures was found
to increase with increasing downstream reflective surface area (con-
sistent with additional acoustic blockage). For example, Figs. 5-7
show single-exposure shadowgraphs for the configuration using the
30-mm flat plates taken at different instances indicating strongly un-
steady flow. All three images show large-scale vortical structures in
the mixing layer at various streamwise positions, where we note their
increased size as they convect downstream. In Fig. 5, we can see a
small vortical structure at about 45-mm downstream from the splitter
tip; it is presumably in the early stage of its development. In Fig. 6,
we can see a well-developed large-scale structure at about 60-mm
downstream from the splitter tip, downstream of which small-scale
structures are especially pervasive and what appears to be an oblique
shock angled to the upper wall. The appearance of an oblique shock
may be caused by flow locally expanding just above the structure
and then shocking to meet the ambient pressure condition. Usually
in these figures, the mixing layer has the largest thickness around the
location where this large structure forms. It is difficult to determine
the quantitative aspects of the large-scale structure interaction with
the top wall, but no boundary-layer separation on the top wall was
observed in the shadowgraphs. However, strong streamwise pres-
sure gradients are expected to occur as a result of the large-scale
structure presence.

Acoustic Pressure Measurements

The acoustic measurements near the lower wall were also ob-
tained for several configurations. The oscilloscope trace of the mi-
crophone response for the baseline unexcited case is shown in Fig. 8
at 1 V/div and 1 ms/div resolution, where a broadband-type signal
is evident. In contrast, the baseline excited case with the same tem-
poral resolution (Fig. 9) shows obvious periodicity at about 3 kHz
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Fig. 5 Single-cxposure shadowgraph of 30-mm flat plate excited case.

Fig. 6 Single-exposure shadowgraph of 30-mm flat plate excited case.

Fig. 7 Single-exposure shadowgraph of 30-mm flat plate excited case.

with a much greater amplitude (5 V/div was used for this trace).
The details of this signal are shown with a higher resolution of 0.1
ms/div in Fig. 10. Nearly constant periodicity and high amplitude
were found only for those configurations that yielded tone excita-
tion. The traces for the excited cases were also characterized by a
relatively sharp rise followed by a slower fall. This is consistent
with the propagation of a strong acoustic wave (with a steepening
of the compression portion) in the region below the shear layer. The
baseline excited case shows a three decade increase in sound pres-
sure level (161 dB) as compared with the unexcited case (134 dB).
When the excitation configuration was damped with a sponge over
the lower wall, the sound pressure level dropped to 138 dB, which
is consistent with other nonexcited cases (see Table 1).

The power spectra of the microphone output inside the test section
for the baseline unexcited and excited cases are shown in Fig. 11.
For the unexcited case, we obtain a spectrum with two moderate

peaks, with one at 1 kHz and the other at 3 kHz. Above 3 kHz, we
see a broadband spectrum with almost a uniform amplitude up to 35
kHz, beyond which the spectrum drops off sharply. In contrast, the
baseline excited case clearly shows a dominant frequency centered
around 3 kHz (which is comparable to the 2.93 kHz obtained directly
from the fast Fourier transform of the digital oscilloscope). Several
well-defined higher harmonics of this frequency with the amplitude
decreasing monotonically are also seen. These harmonic peaks have
magnitudes that are several orders of magnitude higher than any of
the unexcited cases. The higher harmonics exist up to a frequency
of about 20 kHz, and after that, only a broadband spectrum, which
drops off sharply as in the unexcited case after 35 kHz, is seen.
Based on the acoustic spectra, the ratio of the mean square pressure
fluctuations, between the baseline excited case and the unexcited
case at 3 kHz, is about 5400. However, the ratio over the whole
frequency range is about 500.
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Fig. 8 Oscilloscope trace of the microphone response for the baseline
unexicted case; the vertical scale is 1 V/div and horizontal scale is 1
ms/div.

Fig. 9 Oscilloscope trace of the microphone response for the baseline
exicted case; the vertical scale is 5 V/div and horizontal scale is 1 ms/div.

Fig. 10 Oscilloscope trace of the microphone response for the base-
line exicted case; the vertical scale is 5 V/div and horizontal scale is 0.1
ms/div.
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Fig. 11 Acoustic power spectra for the baseline unexcited and excited
cases.

This general behavior delineating the excited from the unexcited
cases was consistent with the spectra obtained for other conditions.??
However, the single downstream cylinder excited case was different
from the baseline excited case by the absence of all but the first
higher harmonic. The addition of the upstream cylinder might have
enhanced the acoustic excitation below the shear layer by additional
acoustic isolation.

Potential Aeroacoustic Mechanisms

The aeroacoustic mechanism responsible for the passive excita-
tion is not obvious in that there are no previous studies that have
investigated an equivalent flow geometry. Blake and Powell?* cat-
egorized the different sets of commonly observed flow—acoustic
interactions. The type of flow interactions observed in our exper-
iment do not strictly fall under any of the categories mentioned
therein. More recently, Gutmark et al.® reviewed many of the pas-
sive aeroacoustic excitation schemes for supersonic shear flows, but
these were again for different flow configurations (primarily ax-
isymmetric freejets). To consider the potential mechanisms, we first
note that the present experiments established that plate or cylinder
shedding was not critical to this excitation mechanism and that the
upstream plate or cylinder merely enhanced the excitation (presum-
ably by decreasing acoustic pressure leakage) and was not essential.
Therefore, for the remainder of the discussion, the influence of this
upstream reflective surface and the shape of the downstream surface
(nominally a cylinder) will not be addressed.

As the excitation was initiated only when the flow was super-
sonic, conventional screech tone excitation resulting from shock
cell oscillations was a candidate for the aeroacoustic interaction.
However, screech is proportional to shock cell size?® and there-
fore varies in frequency and strength as the level of exit pressure
mismatch varies. Since the present acoustic interaction at pressure
matched conditions was roughly as strong as at unmatched condi-
tions and since the primary excitation frequency was preserved at
all exit conditions (various degrees of underexpanded and overex-
panded pressure mismatches), conventional screech as the excitation
mechanism was ruled out. Also, for a conventional screech excita-
tion, a downstream acoustically reflective surface is not necessary
as the screech tone travels upstream.

A more promising possibility is that of an acoustic mode that
travels vertically between the shear layer and the lower wall. In this
respect, it should be noted that Yu et al.'® conducted experiments
on the excitation of an axisymmetric supersonic jet stream by a
two-dimensional cavity placed near the nozzle exit and found the
depth of the cavity to be an important parameter that affects the
excitation mechanism. Also, Abdel-Fattah and Favaloro®® found
that transverse modes of duct resonance affected ejector perfor-
mance significantly. Although these experiments were conducted
with axisymmetric freejets for which flapping, helical, and contrac-
tion/expansion modes were possible, the aforementioned evidence
of pseudoflapping and the importance of the lower wall in causing
the excitation in the current experiments indicate transverse acoustic
modes may be important.

Another possibility is that of an acoustic mode that convects with
the shear layer and then travels upstream below the shear layer
where the flow is nearly quiescent. This is consistent with the up-
stream propagation mechanism cited for jet screech'® for which the
flow leaving the splitter plate is known to be especially suscepti-
ble to acoustic disturbances. Note that this mechanism seems far
more likely than upstream propagation along the upper wall su-
personic boundary layer. In this regard, the present configuration
has similar acoustic features as that of Rossiter’s?’ configuration of
transonic flow over a cavity; i.e., both have an acoustically reflective
downstream surface and a high-speed flow that separates from an
upstream edge. However, we note that Rossiter’s experiments had
no entrained flow and the shear layer was essentially terminated at
the end of the cavity. The importance of the downstream acousti-
cally reflective surface and the observed convection of large coher-
ent structures in our experiments suggests that a streamwise mode
similar to that proposed for a cavity-driven excitation is possible.

Figure 12 shows a schematic of the proposed aeroacoustic stream-
wise model that is consistent with the measurements made in this
study. This model consists of an eddy-generated pressure distur-
bance that convects downstream, then reflects off the downstream
plate or cylinder, and then propagates upstream as an acoustic distur-
bance through the subsonic entrained flow below to trigger another
eddy disturbance. For the streamwise mode, let us assume that targe
coherent eddies in the shear layer travel at & fraction of the freestream
speed U,. Let us also assume that the disturbance generated by the
eddy in the shear layer reflects from the downstream cylinder at time
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Fig.12 Schematic of the plausible aeroacoustic excitation mechanism.

t = 0 when the eddy is at a distance of y A, upstream of the cylinder
as shown in Fig. 12, where X, is the wavelength of the eddies con-
vecting in the shear layer and y is an arbitrary constant that defines
the fraction of the vortex wavelength distance from the downstream
cylinder upon which acoustic reflection occurs. Note that y is pos-
itive if this occurs when the eddy is upstream and negative if it is
downstream of the cylinder. An important criterion for streamwise
excitation is that the frequency of eddy generation is the same as
the dominant frequency of the upstream propagating acoustic wave
(wy), ie.,

kU1 _ az—Ug

Wy = =
Ay A

03
where A, is the wavelength of the acoustic waves and a; is the speed
of sound in the entrained air (below the shear layer).

This disturbance, which is initiated at the downstream cylinder
by the eddy, propagates upstream at and reaches the splitter tip at
time ¢, = L/(ax — U,) where L is the distance of the downstream
cylinder from the splitter tip. During this time, the initial eddy travels
downstream a distance kU; L /(a; — U,). Therefore, the wavelength
of the eddies can be given by the relation

kU, L
NeAy =L —yiy + —— 3)
a — U

where n, is the streamwise mode number defined as the total number
of perturbations present at a given time and the perturbations can
include both eddies in the shear layer and acoustic waves below (n
is an integer with a minimum value of unity). For example, n, = 1
means that only a single acoustic wave or a single large eddy will
exist in the test section at a given instant. In Fig. 12, n, = 2 such
that while one acoustic wave is triggering a new eddy, a previous
eddy is triggering a new acoustic wave at the downstream cylinder.
Note that the experimental results that showed only one eddy in the
FOV at any given instant are consistent with a maximum n, of 4,
since the FOV is approximately L /2. The pitot probe measurements
indicate that U, < a,; therefore, the wavelength of the eddies is

2 —(1+kU'> L @)
" a; (nx + J’)

Substituting this in the relation for the frequency of the eddies, we

obtain

kU

s

(ny +y)

P Y 5
L T+ KU jan)] ©)

Rossiter® suggests k = 2 for his cavity flow. For the present

supersonic free shear layer conditions, we use the average nonex-
cited convection speed obtained from temporal correlations of Mie-
scattering movies?! yielding a k of approximately 0.76. Substituting
this into Eq. (5) for n; = 2 and U; = 469 m/s yields a y of —0.003
for the acoustically measured frequency (w,,) of 2.93 kHz. This
is consistent with an acoustic wave reflection being sent upstream
of the cylinder at nearly the same time the large eddy reaches the
cylinder location. This small value seems reasonable since the con-
vection speed of the eddy is transonic with respect to the quiescent
flow below and the pressure disturbance created by it (with respect
to the entrained flow below the shear layer) cannot travel at a higher
speed.

Table2 Frequencies for various geometries

L, mm h, mm ng ny w,, kHz w;, kHz wy,, kHz
120 55 2 1 293 3.09 2.93
155 55 3 1 337 3.09 3.09
155 65 2 1 222 2.61 2.19

Now let us consider the transverse modes. We may write a simple
relationship for the transverse frequency w, based on the distance
between the shear layer and the lower wall surface, which we will
approximate herein as the distance between the splitter plate and the
lower wall &,

w; = a(n,/2h) (6)

where n, is the number of transverse acoustic waves present at
any given time. The baseline excited configuration with n, =1 and
h =55 mm yields w, = 3.09 kHz, which also agrees well with the
measured frequency for this case. This suggests that both transverse
and streamwise modes may be responsible of the excitation.

To investigate this further, we conducted two more excitation tests
where i and L were independently varied and where the measured
frequency w,, was compared with @, and w, for n, and n, specified to
be the closest integer value to match the measured frequency. These
results are compiled in Table 2. It appeared that, for these few cases,
excitation occurred when integer values of n, and n, yielded w, and
w, within at least 15% of each other. The consistency of n, = 1
for these tests is presumably a consequence of a shorter time period
for a full transverse cycle compared with a full streamwise cycle.
These results, coupled with the observation that both an acoustically
reflective lower surface and a downstream surface were necessary
for the tone excitation, suggest that the tone excitations observed
in this study are a result of normal and streamwise modes coupling
together. However, to confirm this hypothesis, more detailed fun-
damental investigations are needed, such as systematically varying
the geometric and flow parameters as well as multiple microphone
measurements to obtain acoustic propagation speeds and directions.

Conclusions

The present measurements clearly demonstrated the feasibility
of passive acoustic excitation for augmentation of two-dimensional
bounded supersonic shear layers. By properly placing the acousti-
cally reflective surfaces, nearly 100% augmentation in shear layer
entrainment was achieved along with the production of highly pe-
riodic acoustic waves that yielded sound pressure levels typically
30 dB higher than the unexcited case. The shadowgraph images and
the near-field acoustic spectra below the shear layer showed the ex-
cited shear layer development to be a highly dynamic phenomenon.
The size of the large-scale structures in the shear layer and its spread
was found to depend on the size of the downstream acoustic reflec-
tive surface and was also correlated with increased sound pressure
levels. The experiments that varied the streamwise and transverse
distances of the acoustically reflective plates indicate that the exci-
tation is a complex phenomenon that depends on both the transverse
and streamwise modes of acoustic propagation.
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