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Structure of Coherent Instabilities in a Supersonic Shear Layer

Steven Martens,* Kevin W. Kinzief, and Dennis K. McLaughlin*
Pennsylvania State University, University Park, Pennsylvania 16802

Detailed measurements have been made of the instabilities present in supersonic shear layers. A high-speed
stream of Mach number 3 or 4 and a low-speed stream of Mach number 1.2 are produced and begin mixing at
the trailing edge of the dividing centerbody. Glow discharge excitation is used to excite either two-dimensional or
oblique instability waves. Mach-number profiles for the Mach 3 case show little effect of excitation on the growth
rate, whereas the higher Mach number case shows enhanced mixing with both excitation geometries. Four hot wires
are used simultaneously to measure the axial and spanwise wavelengths for each case. With these wavelengths,
the propagation angles of the instabilities are calculated. The instability waves in a two-dimensionally excited
shear layer remain two dimensional. The three-dimensionally excited shear layer results in waves that travel at
a nominal angle of approximately 60 deg to the mean flow direction, even with three widely different excitation
angles. Increasing the convective Mach number of the shear layer results in a slightly larger oblique instability
wave angle. The conclusions support the predictions of analytical and/or numerical studies.

Nomenclature
a = speed of sound
/ = frequency
fc = characteristic frequency, f/i/5w
fe = excitation frequency
M = Mach number
Mc = convective Mach number
POI = total pressure in the high-speed stream
Re = unit Reynolds number based on the properties in the

high-speed stream
St = Strouhal number, f/fc
U - time mean velocity
ft = propagation angle of instability waves
fte = angle of excitation
So, = local vorticity thickness
A = wavelength

Subscripts

= high-speed stream
= low-speed stream

Introduction

W ITH the resurgence of interest in hypersonic aerodynam-
ics, there is an acknowledged need for a more fundamental

understanding of compressible-shear-layer mixing. This need is es-
pecially prevalent in the development of scramjet engines. Fuel is
injected into a supersonic stream of air and then burned. It has long
been documented that as the speed differential between two parallel
gas streams approaches and exceeds supersonic values, the mixing
rate decreases.1'2 A means of enhancing this mixing to increase the
efficiency would be advantageous. This work is part of a fundamen-
tal study of the mixing process in supersonic shear layers with the
goal of developing the understanding necessary to develop more
efficient mixing processes.
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Extensive experiments on subsonic shear layers3"5 have demon-
strated conclusively the importance of developing an understanding
of the large-scale turbulence structure before a more complete under-
standing of the mixing processes can be reached. Until recently, con-
clusive evidence regarding the structure of the large-scale instabili-
ties in high-speed shear layers had been lacking. There are numerous
reports presenting flow visualization of two-dimensional Kelvin-
Helmholtz-like structures at moderate convective Mach numbers,
up to about O.6.2'6'7 However, above this convective Mach num-
ber, the visualizations lose clarity, and three dimensionality is as-
sumed to play an important role. There are few direct measure-
ments of the structures because of the difficulty of measuring this
type of flowfield, and the difficulty of statistical data analysis as-
sociated with the typical high-frequency content related to high-
speed flows. Gropengieser,8 Tam and Hu,9 and Morris et al.10 have
all used a quasilinear stability analysis to predict that as the con-
vective Mach number increases, the dominant instability waves
switch from two- to three-dimensional structures. The predomi-
nantly circumstantial evidence from experiments corroborates these
predictions.

A unique aspect of the present work is that it focuses on a shear-
layer flow in a reduced Reynolds number environment. The reduced
Reynolds number is produced by operating with the test-section
static pressure well below atmospheric pressure. This approach pro-
vides numerous advantages. First, the reduced Reynolds number re-
sults in a suppression of the small-scale turbulence, due to viscous
forces. This focuses attention on the remaining large-scale turbulent
structures, or instability waves. These instabilities are very concen-
trated in frequency and coherent over somewhat long streamwise
distances. Also, these instabilities represent a good characterization
of the shear-layer turbulence structures. The second advantage of
the reduced Reynolds number is that glow discharge excitation can
be used to introduce a perturbation at a chosen frequency in the
shear layer. This technique only works at low pressures and densi-
ties. Finally, with the low-density conditions and corresponding low
dynamic pressure, standard hot-wire probes can be used with fewer
wire-breakage problems.

The main disadvantage of this low-to moderate-Reynolds-number
facility is that experiments cannot be performed in the high-
Reynolds-number environment typically encountered in physical
applications. However, in the current work, the large-scale structures
are investigated and there is evidence that they are Reynolds-number
independent. In low-speed shear layers, Roshko11 showed that in-
creasing the Reynolds number does not affect the Kel vin-Helmholtz
instabilities but increases the smaller-scale turbulence. On the basis
of the similarities in the large-scale structures between the incom-
pressible and compressible mixing layers, we conjecture that the
Reynolds number will not influence the measured characteristics of
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Fig. 1 Schematic of supersonic-shear-layer facility.

the large-scale turbulence structures and/or instability waves to any
significant extent.

Martens et al.12 presented a body of work employing artificial
excitation to measure both two- and three-dimensional large-scale
structures in supersonic shear layers. Using a glow-discharge tech-
nique, instability waves at a specified frequency were excited. From
schlieren observations and hot-wire fluctuation spectra, it was clear
that this resulted in a dominant instability at the excitation frequency.
Methods were developed to measure the basic wave properties of
the dominant spectral components, including the wavelengths and
the propagation direction of the instability waves. To our knowl-
edge, this was the first work to conclusively show the existence
of three-dimensional structures through quantitative measurement
techniques. The conclusions from this work were that for a theoret-
ical convective Mach number of 0.5, two-dimensional excitation
results in two-dimensional instability waves. Three-dimensional
waves were measured when the shear layer, with a theoretical con-
vective Mach number of 0.64, was excited at an oblique angle. When
the same shear layer was excited two dimensionally the results were
inconclusive. Limitations of these measurements arose from the rel-
atively large spacing in the spanwise direction of the two hot wires
used in the experiments. This spacing resulted in a large uncertainty
in resolving the spanwise wavelength.

As with the earlier work,l2 the main objective of this work contin-
ues to be to provide conclusive experimental evidence to corroborate
the aforementioned analytical and/or numerical predictions regard-
ing the nature of the instabilities in high-speed shear layers. The
present work is an extension of Martens et al.12 using upgraded
measurement systems and data analysis techniques. This combina-
tion increases the accuracy of measurements and clarifies the initial
results presented by Martens et al.12 Extensive measurements per-
formed with four hot wires located at the same axial and vertical po-
sition in the shear layer, spaced across the shear layer in the spanwise
direction, are presented in this study. Two- and three-dimensional
excitation is used to acquire phase distributions, from hot-wire mea-
surements. These distributions are analyzed to determine the angle
at which the instability waves convect. This work also serves as
a knowledge base for future work in characterizing the instability
waves, which are vital to mixing in supersonic shear layers.

Facility
Figure 1 is a schematic of the supersonic-shear-layer facility and

accompanying supersonic jet noise facility at Pennsylvania State
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Fig. 2 Schematic of supersonic-shear-layer facility test section.
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Fig. 3 Schematic of electrodes and hot-wire probes.

University, discussed extensively by Martens et al.12 and Martens.13

A schematic of the test section is shown in Fig. 2. Two stacked, slid-
ing block nozzles and a contoured centerbody produce uniform, ad-
jacent supersonic streams. The flow passage is 5.5 cm high, 12.5 cm
wide, and 75 cm long. Separate valves allow control of the stagna-
tion pressures and matching of the static pressures at the exit of the
nozzles.

Static-pressure taps are mounted flush on the top and bottom walls
along the length of the test section. A two-dimensional probe drive
penetrates the bottom wall of the test section and can hold either four
hot-wire probes or a 5-hole pitot probe rake. Hot-wire anemome-
ters are used extensively to perform a variety of measurements.
In this paper, phase-averaged instantaneous hot-wire signals, hot-
wire fluctuation spectra, and the phase differences between spectral
components of the hot-wire signals are presented. Four hot wires are
attached to the probe drive so that they are at the same vertical and
axial position in the shear layer and can be traversed both vertically
and axially, as a single unit. Figure 3 shows the positions of the four
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hot wires. The spacings between probes 1 and 2, 1 and 3, and 1 and
4 are 2.1,4.96, and 7.06 cm, respectively. The pitot rake can be used
to produce both Mach number and velocity profiles.

The glow-discharge excitation system used in these experiments
consists of four strip electrodes, also shown in Fig. 3. One is normal
to the flow (f}e = 0 deg), to excite the two-dimensional instabilities,
and three are oblique electrodes (fie — 10, 25, and 45 deg), to excite
three-dimensional instability waves. Only one oblique electrode is
in place at a time. The electrodes are made of 0.05-mm-thick copper
tape and are 2.0 mm wide. The two-dimensional and 10-deg elec-
trodes are 10 cm long, the 25-deg electrode is 10.5 cm long, and
the 45-deg electrode is 14 cm long. The electrodes are attached to,
but insulated from, the low-speed side of the aluminum centerbody,
near the trailing edge. A 350-V oscillating signal, offset by —400 V
DC, is passed through the electrode, producing a glow between the
copper and the aluminum, when a threshold voltage is reached. Lo-
cally, a very high temperature, this glow produces a disturbance that
slightly perturbs the flow adjacent to the electrode.

Since the oblique electrodes travel upstream along the centerbody,
there is a velocity differential along the length of the electrode. As a
result, the disturbance skews from its original orientation as it con-
vects off the centerbody. This causes the effective excitation angle
to be significantly higher than the physical angle of the electrode.
There is no velocity differential across the fte = 0 and 10-deg elec-
trodes as they are attached to the centerbody in a constant-velocity
region. The electrode attached at & = 25 deg warps to an angle of
P = 35 deg, for the Mach 3 case, and ft = 44 deg for the Mach 4
case. Similarly, the pe = 45 deg electrode warps to ft = 57 deg for
the Mach 3 case, and ft = 64 deg for the Mach 4 case. These angles
are all approximate because the velocity is continuously changing in
the region between the leading and trailing edges of the electrodes.

Experimental Conditions
All of the experiments reported in this paper were performed

at two Mach-number conditions, listed in Table 1. The theoretical
convective Mach number is calculated using the equation given by
Papamoschou14: Mc(theor) = (U\ - U2)/(a\ + a2). The Reynolds
numbers reported in Table 1 are based on the conditions in the high-
speed stream. Condition I (M\ — 3), at Re — 40,000/cm transitions
from laminar to turbulent flow at approximately 20 cm downstream
of the trailing edge. The experiments discussed in the following
sections range from 8 to 33 cm downstream. In the case of condition
II (M\ — 4), the same Reynolds number (40,000/cm) results in a
laminar-to-turbulent transitional shear layer throughout the extent
of the measurement locations. It has been shown in low-speed shear
layers that the large-scale structures of interest are present in both
initially laminar and turbulent shear layers, and are not strongly
Reynolds-number dependent.15

Mach-Number Profiles
The first experiments discussed are time-averaged measurements

using a five-hole pitot probe rake. The measured pitot and static
pressures at the same axial location are used in the Rayleigh-pitot
formula to calculate the Mach number. The rake is incrementally
traversed across the shear layer in a series of experimental runs to
produce the Mach-number profiles seen in Figs. 4 and 5, conditions
I and II, respectively. Each figure shows the natural and the excited

Table 1 Experimental conditions

Condition I II

Ml
M2
Mc(theor)
a\, m/s
02, m/s
f / i ,m/s
£/2,m/s
Poi.kPa
Re, cm"1

Excitation
frequency, fe kHz

3
1.2
0.5
206
303
618
364
43

40,000
25

4
1.2

0.64
167
301
668
361
103

40,000
20

o
Q_

2.0 2.5
Mach Number

Fig. 4 Mach-number profiles, condition I (Mi = 3), 26 cm downstream.
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Fig. 5 Mach number profiles, condition II (Mi = 4), 26 cm downstream.

shear layer: in the M\ = 3 case (Fig. 4), a two-dimensional electrode
is used; and in the MI — 4 case (Fig. 5) a 45-deg oblique electrode
is used. Figure 4 shows the Mach-number profile across the shear
layer, corresponding to condition I (M\ = 3), 26 cm downstream.
There is very little effect of excitation at these conditions; the size
and shape of the shear layer are virtually unchanged. However, for
condition II (Mi = 4) shown in Fig. 5, at the same downstream
location, there is a significant increase in the thickness of the shear
layer with excitation. This shows that artificial excitation can greatly
influence the mean properties of the shear layer, under transitional
conditions. Alone, this result indicates an increased growth rate for
the M] = 4 excited shear layer. However, as shown by Martens,13

both experimental conditions show a thicker shear layer in the transi-
tional region but upon reaching fully turbulent conditions the thick-
ness growth rates of the excited shear layers return to those of the
natural cases.

Hot-Wire Fluctuation Spectra
Four hot-wire probes are used simultaneously in these experi-

ments. These four signals are acquired along with the signal trig-
gering the glow-discharge excitation system, when used. The acqui-
sition rate is 111 kHz and the hot-wire signals are bandpass filtered
between 1.5 and 50 kHz. The high-pass filter setting is chosen to
cut out any low-frequency facility resonances and the low-pass filter
setting is below the Nyquist frequency. Once the data are acquired,
they can be analyzed using standard signal-processing techniques.
The autospectrum is calculated for each hot-wire signal and, if the
experiment involves excitation, the cross spectrum between each hot
wire and the glow signal is calculated. The phase difference between
two signals (as a function of frequency) is determined as part of the
cross spectrum. Figures 6 and 7 show typical hot-wire spectra for
the two experimental conditions. Figure 6 is measured for condition
I (Mi = 3), 18 cm downstream, and 0.625 cm below the centerline.
This is the vertical position of maximum fluctuations, for this axial
location. Both the natural case (Fig. 6a) and the two-dimensionally
excited case (fe = 25 kHz, Fig. 6b) are shown. The characteristic
frequency for Fig. 6a is 41 and 43 kHz for Fig. 6b. Figure 7 shows
the results for condition II (Mi = 4), 27 cm downstream, and 0.875
cm below the centerline, again at the position of maximum fluc-
tuations. Similarly, Fig. 7a corresponds to the natural shear layer,
fc = 85 kHz, and Fig. 7b corresponds to the three-dimensionally



1558 MARTENS, KINZIE, AND MCLAUGHLIN

b)
10000 20000 30000 40000 50000

Frequency (Hz)

Fig. 6 Hot-wire power spectra, condition I (Mi = 3), 18 cm down-
stream, 0.625 cm below the centerline: a) natural, fc = 41 kHz and
b) two dimensional, fe = 25 kHz, fc - 43 kHz.
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Fig. 7 Hot-wire power spectra, condition II (M\ = 4), 27 cm down-
stream, 0.875 cm below the centerline: a) natural, fc = 85 kHz and
b) 25 deg electrode, fe = 20 kHz, fe = 46 kHz.
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Fig. 8 Phase-averaged signals, condition II (Mi = 4), 27 cm down-
stream, 0.875 cm below the centerline, 25-deg electrode, fe = 20 kHz.
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(0e = 25 deg) excited case (fe = 20 kHz), fc = 46 kHz. In the
latter case, the characteristic frequency is greatly reduced because
the shear-layer thickness has approximately doubled because of the
excitation.

The spectra measured in the present moderate-Reynolds-number
experiments are similarly shaped, but not quite as broad in fre-
quency as those measured in more conventional high-Reynolds-
number shear layers by Shau et al.16 In the present experiments,
the excitation frequency is typically chosen as the frequency cor-
responding to the highest level on a fluctuation spectrum measured
in the upstream sections of the test section.13 In Figs. 6b and 7b,
the effect of the glow-discharge excitation is seen. Virtually all of
the energy in the flow becomes concentrated in a narrow frequency
band around the excitation frequency. As seen in Figs. 6b and 7b,
the hot-wire spectra for the two- and three-dimensionally excited
shear layers look very similar.

Another important consequence of exciting the flow is that the
hot-wire signals can be phase averaged. Figures 6b and 7b show
that there is only one frequency component present, and this should

0 10000 20000 30000 40000 50000
Frequency (Hz)

Fig. 9 Cross spectrum between the excitation signal and hot-wire 1,
condition II (M\ - 4), 27 cm downstream, 0.875 cm below the centerline,
fe = 20 kHz, 25-deg electrode.

clearly show up in the time signal as a harmonic wave. Figure 8
shows the phase-averaged portions of the excitation signal and two
of the hot-wire signals, formed from data acquired at the same axial
position as Fig. 7b. These phase-averaged signals are constructed by
using the excitation signal as a reference and averaging the hot-wire
signals over many periods.

A new feature of the experimental procedure is that the amplitude
of the excitation frequency is modulated by mixing two signals, one
at the desired excitation frequency, fe, and the other at half that
frequency, fe/2. The magnitude of the subharmonic component is
approximately 40% that of the fundamental component. The ampli-
tude modulation is not as pronounced in the hot-wire signals, but it
is present. This method helps determine if two hot wires are mea-
suring the same oblique wave, or if there is a complete wavelength
or more between the two hot wires so that they are measuring dif-
ferent waves. Although excitation at fe/2 is not easily visible in the
excited spectra, because of the linear scale (Figs. 6b and 7b), it is
prominent in the associated cross spectrum between the excitation
signal and the hot-wire signal. Figure 9 shows the cross spectrum
for the conditions of Fig. 7b. The magnitude of the 10-kHz peak is
less than half that of the 20-kHz peak.

Results of Phase Measurements
When the shear layer is excited using glow-discharge excitation,

two important functions are achieved. First, as seen previously, the
hot-wire fluctuation spectra collapse to the chosen excitation fre-
quency, and, second, the signal used to trigger the electrode can
be used as a phase reference. One goal of these experiments is
to determine the orientation of the instability waves in the shear
layer. To determine this, both the wavelength in the axial direction
and the wavelength in the spanwise direction are needed. To find
these wavelengths, the phase as a function of axial and spanwise
distance must be found. There is a large amount of data amassed in
these experiments, and so, for brevity, one condition is chosen and
the methodology is outlined in detail. A summary is then presented
for other cases.

Condition II (Mi = 4) is discussed here, excited with the pe = 25-
deg electrode. This case is chosen because it is one of the more
complicated cases, resulting in oblique instability waves. Figure 10
shows the phase between each hot wire and the excitation signal,
as a function of downstream distance. As reported previously,12 the
wavelength is constant throughout the length of the test section. On
this figure, the data from each of the four hot wires are shown, result-
ing in four approximately parallel lines. Then, the axial wavelength
A is found by the simple relation X = 360 deg/m, where m is the
slope of one of the lines in Fig. 10. The resulting wavelength from
the graph is 3.2 cm. Table 2 shows the measured axial wavelength
for each experimental case. It is seen that there is very little change
for each excitation case at a given experimental condition. The vari-
ations in the measured wavelengths for condition I are attributed to
slightly different velocity and frequency settings between experi-
ments as well as experimental uncertainty. Another factor influenc-
ing these measurements is the effect of the side walls on these large-
scale structures. The portions near the sides may be skewed because
of interactions with the walls. Deformations due to the side walls are
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Table 2 Axial wavelengths

Experimental
condition

I
I
I
II
II
II
II

Excitation
frequency
fe,kHz

25
25
25
20
20
20
20

Excitation
angle

A, deg

0
25
45
0

10
25
45

Axial
wavelength,

cm

1.9
2.4
1.8
3.2
3.2
3.2
3.2

270

180

90
0

-90

-180

-270

-360
-450,,

'26 27 28
Axial Position (cm)

29

Fig. 10 Phase difference between the 20-kHz component of the hot wire
and excitation signals as a function of downstream distance, condition
II (Mi = 4), excited with the 25-deg electrode.

seen in the far wake visualizations of Williamson and Prasad.17'18

The values for the two-dimensionally excited cases have been veri-
fied through schlieren photographs of the two-dimensionally excited
shear layer, where the large-scale structures appear very clearly.12

With the excitation signal constructed from sine waves at fe and
fe/2, the wavelength can be calculated from both portions of the
signal. The measured corresponding wavelength for the conditions
of Fig. 10 for the 10-kHz portion of the signal is 6.4 cm. This shows
that the axial convection velocity—axial wavelength multiplied by
the frequency (Uc — A * /)—is the same for both frequency modes.
This agrees with the computations of Gathmann et al.19 who show
that different Kelvin-Helmholtz modes travel with the same veloc-
ity. This method helps check the accuracy of these measurements,
since the wavelength for the 10-kHz portion should always be twice
the wavelength of the 20-kHz signal, that is, if the frequency is
halved, the wavelength will be doubled. The convection velocity is
approximately 508 m/s for condition I (M\ = 3) and 640 m/s for
condition II (M\ — 4). These convection velocities result in convec-
tive Mach numbers of Mc\ = 0.51 and Mc2 = 0.49 for condition
I (Mcdheoo = 0-5) and Mc\ =6.19 and Mc2 = 0.9 for condition II
(Mc(theor) = 0.64).

Determining the spanwise wavelength is more difficult. Because
of the limited number of the spanwise measurement locations (and
their spacing), it is difficult to determine whether all or some of the
hot wires are measuring points on the same wave. If the spanwise
wavelength is less than the separation distance between two hot
wires, they will measure points on different waves. (As the propa-
gation angle of the structure increases, the spanwise wavelength de-
creases.) If this occurs, then the values of phase difference between
two hot wires will be off by n * 360 deg, where n is the number of
waves between the two hot wires. Because both frequencies in the
excitation signal have been shown to result in the same convection
velocity, both may be used to calculate the wave propagation angles,
which should be identical.

The first step in determining the spanwise wavelength is making a
profile of the phase between each hot wire and the excitation signal.
This is shown in Fig. 11 for condition II (Mi = 4), 27 cm down-
stream. The phase-averaged hot-wire signals are used to determine
if the hot wires are measuring the same wave or are measuring points
on different waves (predominantly by examining the subharmonic
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Fig. 11 Phase profiles between the 20-kHz component of the hot wire
and the excitation signal, condition II (M\ = 4), 27 cm downstream,
excited with the 25-deg electrode.
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Fig. 12 Phase profiles between the 20-kHz component of the signal
from hot-wire 1 and the other hot-wire signals, condition II (Mi = 4),
27 cm downstream, excited with the 25-deg electrode.
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Fig. 13 Spanwise separation between hot-wire signals vs phase dif-
ference between hot wires, condition II (M\ = 4), 27 cm downstream,
excited with the 25-deg electrode.

wave). The appropriate integer multiple of 360 deg is then added or
subtracted from the phase.

Next, the phase difference between each hot wire with respect to
hot-wire 1 is found. This is shown in Fig. 12 for the same condi-
tions. In this figure, it is seen that there is a region of fairly constant
phase difference from 0.8 to 1.0 cm below the centerline. This linear
region coincides with the location of the maximum fluctuation lev-
els in the shear layer. The phase difference in this region is plotted
against the spanwise separation distance of the hot wires, shown
in Fig. 13. The slopes of the lines on this graph result in the span-
wise wavelength, 360 deg/m. The resulting spanwise wavelengths
are 2.7 cm for the 10-kHz signal and 1.3 cm for the 20-kHz signal,
for condition II (M\ = 4). The dotted line corresponds to one-half
the slope of the 20-kHz line. Taken with the previously determined
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Table 3 Spanwise wavelengths and propagation angles

Experimental
condition

I
I
I
II
II
II
II

Excitation
frequency
A, kHz

25
25
25
20
20
20
20

Excitation
electrode,

deg
0

25
45
0

10
25
45

Actual
excitation
angle, deg

0
35
57
0

10
44
64

Axial
measurement
location, cm

8,18,23,33
27

8,18,23,33
10,27
10,26
10,27

27

Spanwise
wavelength,

cm

15, 32, 49, 59
1.5

1.3, 1.3,1.4,1.6
57,36

1.27,1.35
1.3, 1.3

1.6

Propagation
angle, deg

7, 3, 2, 2
58

54, 55, 52, 48
3,5

63,64
66,68

61

axial wavelengths, the wave angles can be calculated as 67 deg for
the 10-kHz signal and 68 deg for the 20-kHz signal. Figure 3 shows
the defined propagation angle ft of the large-scale structures (ft = 0
deg corresponds to a two-dimensional structure). Also shown in
Fig. 13 are the results for the same experimental conditions but with
two-dimensional excitation. If these instability waves were perfectly
two-dimensional, the line would be horizontal at zero phase differ-
ence. The slight slope present is attributed to either experimental un-
certainty or a slight warping of the two-dimensional structure near
the side walls of the test section. For all experimental conditions, the
two-dimensional excitation results in virtually two-dimensional in-
stability waves. Table 3 lists the spanwise wavelength and resulting
wave angle for all cases investigated. The experimental uncertainty
in the wave-angle measurement is estimated to be ±7 deg.

For both experimental conditions when the shear layer is excited
with the two-dimensional electrode, the instability waves remain
two-dimensional (±7 deg) throughout the test section. From the re-
sults listed in Table 3 the conclusion reached is that for condition I
(Af i = 3) an oblique instability wave traveling at 53 ± 7 deg results
when the shear layer is excited with electrodes at angles of 25 or 45
deg. Similarly, for condition II (Mi = 4), 10-, 25-, and 45-deg exci-
tation results in an oblique instability wave traveling at 64 ± 7 deg.
This points to the conclusion that the shear layer naturally contains
a preferred oblique angle for instability wave propagation, and re-
gardless of the oblique excitation angle, the instability waves tend
toward the preferred angle. The trend of higher propagation angles
with higher velocities also agrees with theoretical predictions.8"10

For some experimental conditions, these measurements were re-
peated at several axial locations and resulted in similar propagation
angles, also listed in Table 3. Sandham and Reynolds20 presented
an equation relating the propagation angle to the convective Mach
number, for Afc(thCor) above 0.6: Mc(thcor) cos(90 - 0) & 0.6. Solving
for the propagation angle for condition II, Mc.(theor) = 0.64, results in
ft = 69.6 deg, well within the uncertainty range of the present work.
Also, calculating the wave angles for both the fe and fe/2 excitation
resulted in virtually identical wave angles, within the experimental
uncertainty. The computational results of Gathmann et al.19 and vi-
sualizations of Samimy et al.21 show A-shaped structures formed by
two oblique Kelvin-Helmholtz instability wave pairs. In particular,
the computations of Gathmann et al.19 show the same type of phase
dislocations in the spanwise direction as determined in the low-speed
mixing-layer experiments of Browand and Troutt.15 In the present
experiments, a single oblique mode is excited. However, there may
be additional waves traveling in the opposite oblique direction that
cause similar phase dislocations that contribute to the experimental
uncertainty. Visualizations of the far-wake structure downstream of
a cylinder by Williamson and Parsad17'18 show oblique structures
propagating predominantly in one direction with some evidence of
a crisscross pattern (pairs of oblique waves at equal but opposite
angles).

Conclusions and Future Work
Mach-number profiles have been measured for two Mach-number

conditions. Artificial excitation was used and, for the higher Mach-
number case, a significantly thicker Mach-number profile was ob-
served compared to the natural case. Four hot wires were used si-
multaneously to measure the characteristics of the instability waves
present in the supersonic shear layer. Excitation was applied to

either two- or three-dimensional waves and to provide a consis-
tent phase reference. In both Mach-number cases, two-dimensional
excitation resulted in instability waves that remained virtually two-
dimensional throughout the test section. This clarifies the results of
Martens et al.,12 which did not determine the orientation of the insta-
bility waves for condition II (M\ = 4) with two-dimensional exci-
tation. Three-dimensional excitation resulted in oblique instability
waves. For different excitation angles, a similar resulting oblique
wave angle developed in each experimental condition. Also, as ex-
pected, the higher Mach-number case resulted in a higher propaga-
tion angle.

This is a major step in accurately measuring oblique instability
waves in the supersonic shear layer. The methodology and technol-
ogy have been proven and may now be applied to more complicated
geometries and conditions. It is anticipated that in the near future,
wavy walls will be installed and tested as a mixing-enhancement
method. The idea is to create a system of Mach waves with the wavy
wall that interact with the acoustic waves or the Kelvin-Helmholtz
instability waves in such a way as to increase the growth rate, as
discussed by Tarn and Hu.22 The methods presented herein will be
required to investigate that more complicated situation.
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