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Characteristics of the Compressible Shear Layer over a Cavity

Robert C. Murray* and Gregory S. Elliott'
Rutgers University, Piscataway, New Jersey 08854

The compressible shear layer over a 3:1 rectangular cavity was investigated using schlieren photography and
planer laser imaging at freestream Mach numbers of 1.8, 2.1, 2.8, and 3.5. The purpose of this investigation was
to study the characteristics of the shear layer structures and their convective velocity over this Mach number
range. Schlieren images show leading- and trailing-edge shock waves, as well as shock waves emanating from the
shear layer, which became less prevalent as the Mach number increased. Streamwise planar laser sheet lighting
images indicate the existence of organized roller-type structures at the lower Mach numbers studied (M =2.1 and
2.8). These structures became less coherent as the Mach number was increased, although the cavity appears to
cause the large-scale structures to persist at higher levels of compressibility than found in planar free shear layers.
Plan view images indicate that the two dimensionality of the large-scale structures decreased with increasing
Mach number. Autocorrelations performed on single-pulse images show that the structure size decreased 63%
when the freestream Mach number was increased from 1.8 to 3.5. By double pulsing the laser at delays of 15,
20, and 25 s, the evolution of the large-scale structures were investigated and quantified. The correlations were
found to decrease by 23% for the same nondimensional time when increasing the Mach number from 2.1 to 3.5.
From the shift of the peak correlation, the convective velocity was calculated for each case and found to vary
laterally across the shear layer. At a lateral location most representative of the large-scale structures in the shear
layer, the variation in convective velocity with Mach number was best represented by 0.57 times the freestream

velocity.

Introduction

AVITIES have long been an important research topic due to

their interest as a fundamental fluid dynamic phenomenon, as
well as simulating practical applicationson aircraft such as store re-
lease and wheel wells." The use of cavities in supersonic flows has
also been investigated in areas such as flame holding and fuel/air
mixing arrangementsin proposed scramjet engines and flow control
of supersonic nozzles and jets.? Figure 1 gives a schematic of the
basic two-dimensional cavity studied in the present investigation.
The cavity flowfield is quite complex, consisting of three regions of
interest: the external freestream, shear layer, and flowfield within the
cavity. Also, the cavity flowfield may exhibita variety of flow char-
acteristics. For example, the cavity flowfield may exhibiteither fluid
dynamic (where the primary mechanism of excitation is the ampli-
fication of unstable disturbancesin the shear layer) or fluid resonant
(characterizedby aresonantstanding wave in the cavity that governs
the characteristicsof the oscillation) oscillations> Furthermore, the
oscillations may have either transverse (normal to the streamwise
direction) or longitudinal (parallel to the streamwise direction) ori-
entations. For L/D > 10, the shear layer will usually attach to the
floor (defined as a closed cavity), whereas for L/D < 10, the shear
layer will usually span the cavity (defined as an open cavity).*

A major concern in store release applications is the streamwise
oscillation in shallow cavities.” Several similar, but distinct, mech-
anisms of longitudinal oscillation have been proposed. One of the
first was by Rossiter, who proposed that a shear layer structure
impinging on the trailing edge of a cavity would cause a pressure
wave to travel upstream through the cavity at the local speed of
sound (which was assumed to be the same as the freestream speed
of sound). The pressure wave would then be traveling at a super-
sonic rate with respect to the freestream and be trailed by a shock in
the freestream. When the pressure wave reaches the leading edge, it
causes another shear layer structure to roll off. This structureis then
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convected downstream at some convective velocity U,.. This shear
layer structure causes another pressure wave at the trailing edge,
which completes the cycle. To nondimensionalize the frequency,
Rossiter defined a Strouhal number based on cavity length and the
freestream velocity:

me m—uo
Sr, = ="
U,  1/k + M,

)]

where f,, and m are the frequency and mode of the oscillation, M,
is the freestream Mach number, and k.. is the ratio of the convective
velocity of the vortical structuresin the shearlayer to the freestream
velocity (U./U,). Here, « is the phase delay between the interac-
tion of the pressure wave with the leading edge and the subsequent
formation of a new shear layer structure. With curve fits and exper-
imental data, « and k. were found to be 0.25 and 0.57, respectively,
but these values are still debated. Heller and Bliss’ have modified
Rossiter’s® formula to account for temperature recovery within the
cavity. Although the frequency and mode of oscillation can be pre-
dicted by Rossiter’s® modified formula, there still remains no simple
means of determining which modes will dominate and what their
amplitude will be.”8

Experimental evidence of flow over open cavities shows shear
layer structures convecting downstream from the leading edge, as
well as vertical oscillations of the shear layer. In a study of drag
on shallow cavities, McGregor and White® used a high-frequency
schlieren system, capable of taking 9000 images per second, to im-
age the flowfield over a cavity. Although the flow was subsonic
(M =0.555and L /D =2), a steady train of vortical structures were
clearly seen to be convecting downstream from the leading edge.
Zhang and Edwards'® have found similar results at Mach 1.5 and
2.5 using both experiment and numerical solution of the Navier-
Stokes equations. In their work, Zhang and Edwards report that
a steady train of vortical structures (also termed large-scale struc-
tures) in the shear layer are convected downstream of the leading
edge and interact with the trailing edge (Fig. 1). Although the con-
vective velocity of the vortical structure is, in general, taken to be
constant (0.57U,), Zhang and Edwards'®!" suggest that the speed
of the vortex shed from the leading edge of the cavity is not constant
at supersonic speeds.

Similar to cavities, compressible planar free shear layers have
been studied for many years. The research was originally motivated
by the observeddecreasein the growth rate of the shear layer for the
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Fig.1 Schematic of compressible two-dimensional cavity flowfield.

supersonic case. Papamoschou and Roshko'? demonstrated that the
observed decrease in growth rate was due to compressibility effects
and correlated the trend to a parameter termed the convective Mach
number M.. The convective Mach number is a Mach number of a
frame of reference traveling with the large-scale structures in the
shear layer, which, for a planar free shear layer, is given as

M. = U, —U)/ay = M (1 — k) 2)
and the convective velocity U, is given by

U, +aU
U, = aUy —arUy 3)
a, +a;

where U, and U, are the velocities of the high- and low-speed
streams, respectively, and a, and a, are the speeds of sound of
the two streams. Note that, recently, investigatorshave modified the
convective Mach number to take into accountrecompressionshocks
that may be present within the shear layer at high compressibility
levels.!*!* Other investigatorshave shown that the convectiveMach
number also correlates trends in the turbulence profiles and shear
layer characteristics!>!'® Also, the convective Mach number de-
scribestrendsin the large-scalestructures, which have been foundin
compressible shear layers. At moderate convective Mach numbers,
these structures have well-defined core and braid regions similar to
those described by Brown and Roshko!” for incompressible shear
layers as illustrated in Fig. 1. As the convective Mach number in-
creases, large-scalestructureshave been reported to be less coherent
and more three-dimensionalin planar free shear layers.!8~20

With Eq. (3), the convective velocity of the shear layer over a
cavity can be determined as an alternative to the value of k. = 0.57,
used by other investigators. Rossiter® and Heller and Bliss,” by their
assumption that the pressure wave in the cavity travels upstream
at the local speed of sound, imply that the velocity of the fluid in
the cavity is negligible. They also assume an adiabatic temperature
recovery by setting the temperature of fluid in the cavity to be equal
to the stagnationtemperature.If we take Eq. (3) to be a valid measure
of the convective velocity, the convectivevelocityratio for the cavity

flow can be given by
1 1 -
ayfa; +1 VI+y —1)/21M2

In the current investigation the two theoretical equations for k. will
be compared to experimental results.

Cavities have been studied previously using a variety of exper-
imental techniques including hot wires, pressure measurements’!
(both average and at high frequency), interferometry,® schlieren
photography, and planarlaser sheet flow visualizations>? Although
muchinsightinto the flowfield can be gained from these techniques,
there is still a need to describe the properties of the shear layer
formed above these cavities.

Table1 Flow properties at the Mach numbers investigated

Shear layer
predictions from
Egs. (2) and (4)

Stagnation conditions ~ Freestream conditions

M Tye. K Pyg,kPa  Up,m/s  Re /10° k. M,

1.8 280 220 470 1.4 0.56 0.79
2.1 280 344 513 1.8 0.58 0.88
2.8 280 724 586 2.8 0.62 1.08
35 280 1000 632 2.6 0.65 1.22

Experimental Setup

Experiments were performed at the Rutgers University Gasdy-
namics and Laser Diagnostics Laboratory utilizing a variable Mach
number blowdown wind tunnel. A full description of the tunnel is
found in Ref. 23. The test section has a rectangular cross section
measuring 101.6 mm wide x 114.3 mm high. The Mach number of
the tunnel may be varied by means of a sliding nozzle block. The
tunnel is able to operate with good flow quality (absence of strong
compression or expansion waves in the test section) from approxi-
mately Mach 1.8to 3.5. Compressed air is supplied by two Ingersoll
Rand Model 15T4 four-stage air compressors. The compressed air
is then passed through two trap filters that remove oil and residual
water followed by a Baur Secant III regenerative high-pressure air
dryer.

Seeding for flow visualizations used an ethanol reservoir that
was pressurized with nitrogen to drive the ethanol into the tunnel
supply pipe after the pressure control valve. The ethanol injected
through the seeding nozzle evaporates as it passes through the pipe
and stagnation chamber and subsequently condenses to form small
particles as the temperature drops through the converging/diverging
nozzle. This type of seeding was termed passive scalar formation
by Clemens and Mungal."® The relatively slower, and, therefore,
warmer fluid in the boundary layer and cavity prohibits condensa-
tion, resulting in dark regions in the flow when illuminated by a
laser sheet. Bright regions mark the colder supersonic fluid. Based
on previous studies using similar seeding techniques, the particle
size was estimated to be on the order of 50 nm (Ref. 15). Previous
work by Samimy and Lele?* has found that these particles will ac-
curately track the large-scale turbulent structures pertinent in this
investigation.

Four Mach numbers ranging from the lowest to the highest Mach
number attainable in the supersonic wind tunnel were used in the
current investigation. Flow conditions including the Mach number,
stagnation pressure and temperature, freestream velocity, Reynolds
number based on the cavity length, and convective velocity and
Mach number calculated from Egs. (2) and (4) are given in Table 1.
The dimensions of the cavity used in the present study were 12.7
mm deep X 38.1 mm long. The cavity spanned across the width of
the wind tunnel; therefore, note that the undisturbed core is reduced
by the side wall boundary layers. The depth of the cavity was lim-
ited by the thickness of the wind-tunnel wall section containing the
cavity.
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Fig.2 Basic geometries used to image the flow showing the experimen-
tal setup for a) streamwise imaging and b) plan view imaging.

To visualize the flowfield, a laser sheet was formed using a com-
bination of spherical and cylindrical optics providing streamwise
(Fig. 2a) and plan (Fig. 2b) views of the flow. The laser used in
these experiments was a Spectra Physics GCR-230 Nd: YAG pulsed
laser. The frequency-doubledbeam has a maximum output of ap-
proximately 600 mJ per pulse at a wavelength of 532.8 nm. The
duration of the pulse is on the order of 10 ns, resulting in relatively
instantaneousvisualizations.By multiple Q switching, the Nd: YAG
laser can be double pulsed with time delays ranging from 15 to
200 ws. For this investigation,time delays of 15, 20, and 25 us were
used to study the evolution of the structures above the cavity.

Images were recorded on two Princeton Instruments 14-bitinten-
sified charge-coupled device (CCD) cameras. A % Inconel beam
splitter was placed between the two cameras, which were adjusted
so that they had identical views. Images were taken, stored, and
processedusing Pentium® 100-MHz personal computers. The com-
puters also provided camera control and laser synchronization. In
all cases, the cavity was on the ceiling of the tunnel, but for ease
of comparison with other studies, images were flipped vertically
showing the cavity to be on the bottom of the image.

Instantaneous schlieren images were taken with a system set up
in the Z arrangement using two parabolic mirrors, each having a
9-ft focal length. A video camera was used to record the schlieren
images, which were later digitized on a personal computer.

Incoming Boundary Layer

Measurements were made to determine the characteristics and
state of the incoming boundary layer, which are summarized in

Table2 Properties of the incoming boundary layer

M 8, mm 6, mm Re9/104 Cf,Van DriestIl Cf,empirical
1.8 13.0 1.8 6.7 0.0022 0.0014
2.1 14.3 1.8 8.4 0.0018 0.0016
2.8 15.0 2.3 16.5 0.0011 0.0011
3.5 17.5 2.9 19.7 0.00085 0.00097

Mach 1.8

Mach 2.1

Mach 2.8

Mach 3.5

Fig. 3 Schlieren images of flow over the cavity taken with a, d, g, j)
horizontal and b, ¢, e, f, h, i, k, 1) vertical a, d, g, j) knife edge.

Table 2. Boundary-layer data were obtained by traversing a pitot
probe from the tunnel wall into the freestream, and the Mach num-
ber and mean velocity profile were determined similar to other stud-
ies of compressible turbulent boundary layers.2®> There is a general
agreement among researchers that the Van Driest compressibility
transformation coupled with the wall-wake law of Coles is a suc-
cessful scheme for correlatingthe similarity of compressible bound-
ary layer profiles (see Ref. 26). From the friction velocity and wall
temperature, the empirical values of the coefficient of skin friction
C f.empiricat €an be calculated and are given in Table 2 (details of this
analysis for the present experiment can be found in Ref. 23). To de-
termine whether the turbulent boundary layer was fully developed,
these empirical values of skin friction C ;mpirica Were compared
to values of skin friction predicted using a procedure described by
Hopkins and Inouye,”” which are given in Table 2 as C . vu priesr-
The empirically determined values of C, were found to have the
same order as those predicted by Van Driest II. For the Mach 2.1,
2.8, and 3.5 cases, C is within the measurement uncertainty and
10% criteria suggested by Ref. 27 for fully developed turbulent
boundary layers. The higher three Mach number cases are, there-
fore, assumed to have equilibrium turbulent boundary layers. The
Mach 1.8 case, however, does not perfectly fit predicted values and,
therefore, it may not be fully developed.

Results

Schlieren Images

Schlieren images of flow over the cavity were taken using a hor-
izontal knife edge and a vertical knife edge (Fig. 3). In each case,
the images were chosen to show key aspects of the flowfield and
are therefore, not related in time. In the schlieren images taken with
a horizontal razor blade (Figs. 3a, 3d, 3g, and 3j), vertical density
gradients due to the boundary layer and the shear layer, as well as
shock waves, are clearly visible. It is also clear that whereas their
exact form and intensity may vary, the leading- and trailing-edge
shocks are consistently seen in the flowfield. Furthermore, at least
at the lower three Mach numbers, a shock is intermittently observed
emanating from the shear layer. Whereas these shocks are seen in
nearly all of the images at Mach 1.8 and 2.1, in many, if not most
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of the frames at Mach 2.8 and nearly all of the images at Mach 3.5,
the fluctuating shock is absent.

In Fig. 3, with the knife-edge orientated vertically (panels b, c,
e, f, h, i, k, and 1), the vertical density gradients due to the shear
layer and the boundary layer are more suppressed in the images.
The advantage of this setup is that it allows large-scale structures
within the shear layer to be more easily visualized. Figures 3b, 3c,
3e, 3f, and 3h show such a shear layer structure and the apparent
relationship between the shear layer structure and the fluctuating
shock over the cavity. Again, these shear layer structures are ei-
ther too weak to be seen, less coherent, more three dimensional, or
nonexistent at Mach 2.8 and 3.5 (this point will be clarified in the
planar imaging sections to follow). Similar large-scale (or vortical)
structures were first recorded and reported over subsonic cavities by
McGregorand White in 1970 (Ref. 9) and are also observedin inter-
ferograms by Zhang and Edwards'® and in computational models’
for the compressible case.

The exact relationship between the shock and the structures in
the shear layer is not clear from the schlieren. At times the shock
appears to emanate from the shear layer structure at a normal angle
(Figs. 3b, 3¢, 3e, and 3h), and at other times it emanates at an oblique

Y AL ) = FO.0)IgG +58x. j +8y) — 2(5x. 8y)])

interacts with the back wall causing an upstream traveling pressure
wave in the cavity) the relative Mach number of the perturbation
is greater, and, therefore, the Mach angle of the resulting wave is
small. These observations are confirmed in the schlieren images
shown.

Planar Laser Images

All planar laser images presented here have been processed to
remove laser intensity fluctuations, background scattering, and in-
tensity variations across the laser sheet due to the Gaussian profile
of the laserbeam.?* To analyze the evolutionof the large-scalestruc-
tures in the following image analysis, correlation techniques were
utilized. These techniques are an excellent method for character-
izing the evolution of large-scale structures within a shear layer
and for calculating their convective velocities.!**°=32 To do this, a
window is selected within the initial image of an image pair. This
window (which will be referred to as the initial correlation window)
should presumably contain some flow structure or variation. The
initial window is then correlated with corresponding windows at
various spatial offsets in the delayed image according to the follow-
ing correlation function:

R(6x, 8y) =

(5)

\/ 2o UG = FO0P ), g6 +8x, j +8y) — §(x, 8y)P

angle (Figs. 3f and 3h). There are two plausible explanations given
in the literature for the source of these shock waves; one from inves-
tigations of supersonic cavities*>*? and the second from investiga-
tions of compressible shear layers.'*'* As described by Rizzetta,
pressure waves propagate in the cavity and, when reflected from
the aft wall, propagate upstream at supersonic speeds relative to
the external freestream. This produces a compression wave in the
freestream external to the cavity.’ A second possibility is that the
shock wave emanates from the large-scale structures in the shear
layer, which has been suggested by Unalmis et al.?> From stud-
ies of compressible shear layers, when the convective Mach num-
ber is greater than one, recent investigations have found shock-
lets to emanate from large-scale structures in the shear layer.'*!4
This would also resultin the shock wave traveling downstream with
the large-scale structures in the shear layer. Heller and Delfs?® and
Zhang et al.* have shown that the angle of the waves depends
on the direction and speed of the large-scale structures. For large-
scale structures traveling downstream, the relative Mach number
will be small and the resulting Mach angle of the wave emanat-
ing from it will be relatively large. When structures or perturba-
tions in the cavity travel upstream (i.e., as a large-scale structure

Mach 2.8

Mach 3.5 ;
=

XD =0 3

where f and g refer to the fluctuating pixel intensities (the aver-
aged image is subtracted) in the initial and delayed images, respec-
tively. The subscripts i and j span the initial correlation window;
f(6x,8y) and g(8x, 8y) refer to the spatial average of the window
spanned by i and j at the éx, 8y offset. The dx, 8y offset of the
peak correlation should then correspond to how far the structures
in the initial correlation window have moved during the time delay
between the images. The correlation coefficient R varies between
1 (if g is a positive scalar multiple of f) and —1 (if g is a negative
scalar multiple of f). A full description of the correlation function
along with algorithms by which it may be efficiently calculated are
given in Ref. 23. Sets of 375 images were recorded at each Mach
number and time delay to calculate the statistics of the flow with an
uncertatinty within 5% (Ref. 19).

Streamwise View Images

Figure 4 gives four sets of three instantaneous streamwise view
(x-y) images taken at each of the Mach numbers studied. The
flow is moving from left to right with the physical cavity starting
at x/D =0. The cavity is outlined in white. The first characteris-
tic that is observed in the instantaneous images is the presence of

Fig. 4 Single-pulse streamwise images. The flow is moving from left to right, with the physical cavity outlined in white. The core and braid regions

of a roller-type structure are marked in image b.
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well-defined roller-type structures (also termed vortical structures)
for the lower two Mach numbers (1.8 and 2.1). These large-scale
structures have distinct core and braid regions (marked in Fig. 4b)
as defined by Brown and Roshko!” for subsonic planar free shear
layers and observed in some compressible free shear layers'3=2°
These large-scale structures have been determined to be a major
contributor to the turbulence in the shear layer as well as crucial to
mixing.

It is quite evident that the scale and coherence of the large-scale
structures is greatly reduced as the freestream Mach number is in-
creased. A similar phenomenon has been observed in planar free
shear layers where the coherence, size, and two dimensionality of
large-scale structures has been found to decrease with increasing
convective Mach number.!8=2° Note in Fig. 4 that as the freestream
Mach number increases there is a decreasein scale and organization
of the large-scale structures. In general, this decrease in scale and
organization s reported to take place for planar mixing layers at a
convective Mach number of approximately 0.6 (Refs. 18-20) In the
present experiments of the shear layer over a cavity, this transition
appears to begin near Mach 2.8 (correspondingto M, ~ 1.08). This
suggests that the cavity, and subsequent oscillation, enhances the
formation of structures in the shear layer.

The images shown in Fig. 4 are not related in time and were
selected to show three characteristics of the large-scale structures
present in the shear layer. For each of the Mach numbers, the first
image (Figs. 4a, 4d, 4g, and 4j) shows a structure extending into
the cavity and traveling toward the trailing edge. The second image
(Figs. 4b, 4e, 4h,and 4k) in each set shows the shearlayerimpinging
onthetrailingedge of the cavity along with the associatedshock.The
third image of each set (Figs. 4c, 4f, 4i, and 41) shows mass ejection
after a structure has impinged on the trailing edge of the cavity, and,
for the Mach 1.8 and 2.1 flow, remains of a large-scale structure
appear to be left in the cavity near the trailing edge. When the
shear layer is deflected over the trailing edge, for example, Figs. 4c
and 4g, it appears that the trailing-edge shock is weakened. The

Mach 1.8

XD =0 3

unsteady impingement of the large-scale structure on the trailing
edge and subsequent formation of the fluctuating shock waves is a
major contributor to the unsteady pressure and form drag produced
by the cavity.*

It is observed that for the Mach 1.8 and 2.1 cases, the cavity is
generally spanned by two structures in the shear layer. This gen-
eral observation may suggest that the second mode of oscillation is
dominant at these Mach numbers. Zhang and Edwards'® found the
transition from longitudinal to transverse oscillation to occur near
Mach 2.5 for cavities with a length-to-depthratio of three. There-
fore, the second mode is not as well defined for the two higher Mach
numbercases (2.8 and 3.5). This may furtherexplain the suppression
of large-scalestructuresat higher Mach numbers because transverse
modes have been shown to gradually decrease the magnitude of the
pressure fluctuation.'”

Plan View Images

In addition to the streamwise views of the shear layer spanning
the cavity, plan (x-z) views of the flowfield were taken for each
freestream Mach number and are given in Fig. 5. These plan view
images give insight into the three dimensionality of the flow. For
the lower two Mach numbers (Figs. 5a and 5b), dark bands are
seen running from the top to the bottom of each frame (spanwise in
the tunnel). These bands indicate the entertainment of warmer fluid
from the cavity into the shear layer in a highly two-dimensional
fashion,spanningthe full width of the cavity. This again suggeststhe
presence of well-defined Brown and Roshko!” roller-type structures.
As indicated in the plan views, the structures become more three
dimensional and less organized as the freestream Mach number is
increased to 2.8 and particularly at Mach 3.5. This result has again
been observed in compressible mixing layers!8~2° but is initiated at
lower convective Mach numbers than seen here. Present in all of
the plan view images are streamwise streaks, which have also been
observed in planar mixing layers and are generally associated with
the braid region.?’

ach 2.1

Fig.5 Plan view images of flow over the cavity. The leading and trailing edges of the cavity are outlined in white, and the flow is moving from left to

right.
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Double-Pulse Images

Double-pulse imaging techniques are an excellent method for
determining the velocity and evolution of large-scale structures in
the shear layer. Using spatial correlation techniques (as described
earlier) is advantageousin that it provides a statistical method with-
out ambiguous interpretation. Image pairs of the flowfield over the
cavity were obtained using the setup shown in Fig. 2. If the time
delay between the images is short, or Taylor’s frozen eddy hypoth-
esis holds, the maximum of the correlation surface generated by
an image pair will give the distance that the structures in the ini-

15 psec

Fig.6 Image pairs taken at Mach 1.8 using time delays of a) 15, b) 20,
and ¢) 25 ps.

tial correlation window moved during the time delay. Therefore, the
convective velocity can be calculated.

Figures 6-9 show initial and delayed streamwise (x-y) image
pairs of the shear layer evolving over the two-dimensional cavity
at Mach numbers of 1.8, 2.1, 2.8, and 3.5, respectively. Two in-
stantaneous image pairs are given for each time delay and Mach
number. Each image pair consists of an initial image (bottom) and a
delayed image (top). Along with the cavity, the initial window and
delayed correlation window corresponding to the maximum in the
correlation surface in the delayed image are outlined in white.

Fig.7 Image pairs taken at Mach 2.1 using time delays of a) 15, b) 20,
and ¢) 25 ps.
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Fig.8 Image pairs taken at Mach 2.8 using time delays of a) 15, b) 20,
and c) 25 pus.

For all time delays in the Mach 1.8 case, large-scale roller-type
structures are well defined and convect downstream without signif-
icant change in size or shape, even for the highest time delay. The
distancetraveled, of course, increases with the time delay but varies
slightly for each instantaneousimage within the given time delay.
An interesting feature is seen in Fig. 6a. As the large-scale structure
impinges on the trailing edge of the cavity, part of the structure is
injected into the cavity and the trailing-edge shock changes shape
as the structure convects and interacts with it. For the next time
delay (Fig. 6b), the structure changes slightly, but still remains rel-

Fig.9 Image pairs taken at Mach 3.5 using time delays of a) 15, b) 20,
and c) 25 pus.

atively coherent. These structures show little change as they pass
over the trailing edge of the cavity. The structures interacting with
the trailing-edge sometimes are stretched apart and sometimes pass
over the cavity relatively unchanged. This is generally dependenton
the lateral location of the structure within the cavity. The Mach 2.1
case (Fig. 7) shows essentially the same structure characteristicsas
outlined for the Mach 1.8 images.

Figure 8 shows initial and delayed images for a freestream Mach
number of 2.8 above the cavity. At this Mach number the roller-type
structures are still evident convecting downstream (Figs. 8a and



MURRAY AND ELLIOTT 853

8b), but at other times are suppressed (Fig. 8c). When well-defined
roller-type structures are evident, they remain identifiable for all
time delays, but experience more significant changesin shape as the
delayis increased. Images that show less coherentand smaller-scale
structures are more difficult to follow from the initial to the delayed
image, even with the help of the maximum correlation window.
These characteristics will be quantified when correlation contours
are calculated. Another characteristic suggested in a few of the
images is the presence of shocks convecting with the large-scale
structures (seen as faint discontinuities in intensity in the delayed
correlation windows of Fig. 8b). These eddy shocklets have been
suggested to be present for convective Mach number above unity in
planar mixing layers, which is the case for the Mach 2.8 case.!*!4
They may be more prevalentthanillustratedhere, butmay be masked
by the quality of the images.

Examples of initial and delayed images are given in Fig. 9 for
the Mach 3.5 case at the three time delays studied. As stated earlier
few images show the well-defined, large-scaleroller-type structures
that are observed for the lower Mach number cases. Even when a
more well-defined structureis evident (Fig. 9a), it does not have the
roller-type characteristicsobserved earlier. For the higher two time
delays, these less organized smaller-scale structures are not easily
identifiable as they convect from the initial to the delayed image.

Correlation Surfaces

The resultantensemble averaged correlation surfaces for the var-
ious Mach numbers and time delays are shown in Fig. 10. In each
case, these surfaces were calculated with the initial correlation win-
dow in the location corresponding to the center of the shear layer
and were made slightly larger than the largest structures found in
the shear layer. In each plot, 15 contourlevels were spaced from the
maximum to minimum value. In general, the contours were found
to be elliptical and inclined to the streamwise direction. The excep-

Autocorrelation

15 usec Delay

tion is the Mach 3.5 case where the correlation contours become
more elongated as the time delay is increased. As the time delay is
increased from 15 to 25 us, the maximum correlation coefficient
decreases for all of the Mach numbers by an average of 18%. To
compare the decrease in the maximum correlation value between
Mach numbers, it is necessary to compare the values at the same
nondimensionalizedtime. This is given by

T =(ANAU/S ©)

where At is the time delay, & is the visual shear layer thickness,and
AU is the velocity difference across the shear layer (which is taken
as the freestream velocity, assuming that flow is static in the cavity).
To calculate the visual shear layer thickness, at the streamwise cen-
ter of the cavity, 1125 instantaneousimages were averaged together
foreach Mach number. The visual shear layer thicknessis defined as
the difference between the lateral location where the intensity was
10 and 90% of the freestream value (because the intensity goes to
zero in the cavity). For Mach numbersof 2.1,2.8,and 3.5, there was
one time delay for each case where the nondimensionalizedtime t
was the same. These nondimensionalizedtimes are given in Table 3
for eachMach number with the visual shear layer thickness,time de-
lay, and maximum correlation level found. As the freestream Mach
number increases from 2.1 to 3.5, the maximum correlation value

Table 3 Maximum cross-correlation values

Peak cross
M tus g1 mm T correlation
2.1 15 6.8 1.87 0.66
2.8 20 6.2 1.89 0.64
3.5 25 5.0 1.89 0.51
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Fig.10 Contour plots of correlation surfaces at each Mach number and time delay investigated. Each plot shows 15 contours of constant correlation,

evenly distributed between the minimum and maximum value for that case.
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Fig. 11 One-dimensional slices of the autocorrelation surfaces taken
at 9y = 0 for various Mach numbers.

was found to decreaseby 23%. This further supports the observation
fromthe instantaneousimages that the large-scale structuresare less
coherent, not as well defined (i.e., they do not have characteristics
of roller-type structures), and may evolve more as the Mach number
(and convective Mach number) is increased.

Autocorrelation

The autocorrelation may be viewed as the extrapolation of the
correlations just given to zero time delay. Accordingly, they are
placed to the leftin Fig. 10. The autocorrelationscan give useful in-
formation about the instantaneous characteristics of the large-scale
structuresin the shearlayer. By definition, all of the autocorrelations
have a peak correlation value of one. The contour levels of the au-
tocorrelationsshow a much more distinct peak as the Mach number
isincreased. Figure 11 shows the §y = 0 slice of the autocorrelation
peaks. Itis clear from these plots that the peak of the autocorrelation
function is much broader at the lower Mach numbers and steadily
becomes sharper with increasing Mach number. This supports the
conclusion that the structures are much larger and more coherent at
the lower Mach numbers, requiring a larger shift to move them out
of phase with themselves. At the higher Mach numbers, the struc-
tures are smaller and require only a small shift before they cease
to overlap significantly and become uncorrelated. The full width at
half maximum of the autocorrelation plots is, therefore, indicative
of the average structure size in the correlation window. These were
measured to be 5.8, 4.8, 2.8, and 1.8 mm for the Mach 1.8, 2.1,
2.8, and 3.5 cases, respectively. This corresponds to a monotonic
decrease in structure size of 63% between Mach 1.8 and 3.5.

Inall cases, the autocorrelationswere ellipticalin form and angled
with respect to the freestream. Structure angles were approximated
by fitting a line through individualisocontours given in Fig. 10. For
all Mach numbers, the structure angle was found to increase from
approximately 25 to 35 deg as the correlationlevel rose from 0.5 to
0.8 (where the number of points became too small). In planar mix-
ing layers, structure angles have been reported to be approximately
20 deg, slightly decreasing with convective Mach number.?!

Another structure characteristic, which can be calculated from
the autocorrelationsurfaces, is the eccentricity, defined as

e=,/1—a/b

where a is the width of the minor axis and b the width of the ma-
jor axis. The eccentricity was also found to be a function of the
correlation level. For the 0.5 correlation level, the eccentricity was
found to be 0.75, 0.75, 0.66, and 0.62 for the Mach 1.8, 2.1, 2.8,
and 3.5 cases, respectively. Thus, the average structure appears to
become slightly more isotropic as Mach number is increased. In all
cases, the eccentricity approached zero as the correlation level was
increased.

Convective Velocity

To measure the convective velocity of the shear layer, the leading
edge of the initial correlation window was placed 8 mm downstream
from the leading edge of the cavity. This was done to give the shear
layer structures some time to develop and correlate well. Changesin
the size and position of the initial correlation window did not appear
to have a significant effect on measuredconvective velocities. Be-

causeofthe averagingprocess, the correlationsshouldbe dominated
by large-scale shear layer structures, but because the correlation is
also normalized by the standard deviation, smaller fluctuations can
also have some contributionif they remain coherent over the time
delay. As reported by other investigators, the convection velocity in
compressible shear layers can vary across the thickness of the shear
layer, from the high-speed side to the low-speed side.'® Therefore,
in the current study, the vertical position of the initial correlation
window was varied laterally across the shear layer.

Uncertaintiesin the measured convective velocitiescan arise from
severalsources.Because they are so smoothand symmetric, locating
the peak in the correlation surface to subpixel accuracy introduces
little uncertainty (to do this a second-order polynomial was fit to
the correlation peak and the surrounding nine points). However, the
one-pixel uncertainty in camera alignment between the initial and
delayed images was deemed to be much greater. This introduces
an error ranging from 8 to 13 m/s into the velocity measurements
as the time delay is increased from 15 to 25 pus. Another source
of uncertainty is the change in the stagnation temperature, which
was monitored and varies approximately 10 K between runs. This
introduces an uncertainty in the velocity of less than 2% (from 6
to 8 m/s). Also, note that condensed particles that mark the shear
layer structures may give some bias, but every effort was made to
normalize the images and subtract the average so that form of the
shear layer structure dominated the correlation. This procedure is
discussed in detail by Murray.?®

Figure 12 shows the convective velocity as measured with the
initial correlation window at varying distances above and below the
plane of the tunnel wall. The position of the window is based on the
position of the center of the window. Some interesting trends ap-
pear to exist among the lateral convective velocity functions shown
in Fig. 12. In each case, the convective velocity begins at some
lower value on the cavity (lower speed) side of the shear layer, and,
as the initial correlation window rises above the cavity floor, the
measured convective velocity also rises, but levels off in the center
of the shear layer. This is followed by a sharp increase to nearly the
freestream velocity as the lateral position of the correlation window
is increased. This may be interpreted as follows. When the initial
correlation window is below the tunnel floor (in the cavity, y <0)
low-velocity structures on the cavity side of the shear layer structure
are correlated. As the initial correlation window is moved upward
into the vicinity of the shearlayer (near y = 0), the larger structures
in the shear layer will tend to dominate the correlation. This gives
rise to the flat region most clearly seen in Figs. 12a-12c, where the
measured convective velocity is nearly independent of the height
of the initial correlation window over a relatively large distance.
As the window moves farther up into the freestream, the smaller,
less frequentdisturbancesin the freestream will occupy more of the
correlation window and begin to dominate the correlation function.
When this happens, the measured convective velocity then increases
toward the freestream value. Another trend observed in the lateral
profiles of Fig. 12 is that the convective velocity tends to decrease
with increasing time delay. This is most likely due to the diminish-
ing effects of the smaller-scale freestream turbulence structures on
the correlation as the time delay increases.

Because the convective velocity varies laterally through the shear
layer, the remaining challenge is to determine where to pick an
average convective velocity representative of the large-scale struc-
turesin the shearlayerforeachcase. Therelatively flatregion, which
is presumed to be more representative of the large-scale structures
in the shear layer, is the logical choice. From the approximatecenter
of this flat region, convective velocities are plottedin Fig. 13. For all
cases shown here, the k. =0.57 estimate appears to predict the ex-
perimentally determined values of U, well and is within the scatter
in the convective velocity measured for each time delay. The method
proposed in Eq. (4), however, appears to overpredictthe convective
velocities in general. This bias is most likely due to the assump-
tions used in this equation that U, is approximately zero and that
the temperaturerecovers in the cavity. Also, because the convective
velocity is varying laterally, it is difficult to pick a single value at
each Mach number, particularly at the highest Mach number studied
(Mach 3.5).
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Fig.12 Measured convective velocities shown as a function of the height of the initial correlation window above the tunnel wall. (Negative values are

in the cavity.)
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Fig.13 Measured convective velocities from the “flat region” of Fig. 12
are plotted as a function of Mach number. Also plotted are the freestream
velocity (U, ), the 0.57U, estimate of U,, and the estimate of U, from
Eq. (4.

Conclusions

The shear layer over a 3:1 rectangular cavity was investigated
imaged using both schlieren and planer laser imaging techniques at
Mach numbers of 1.8, 2.1, 2.8, and 3.5. This enabled the study and
quantified (using correlation techniques) the shear layer large-scale
structure characteristics over a range of compressibility levels. In
the schlieren images, persistent leading- and trailing-edge shocks
were seen, as well as a fluctuating shock with an associated shear

layer structure. This fluctuating shock became less prevalentas the
Mach number increased. Streamwise planar laser images show the
shear layer to oscillate with large Brown and Roshko!” roller-type
structures at the lower Mach numbers. These structures become
less prevalent as the Mach number is increased, although the cavity
appears to cause the large two-dimensional structures to persist to
higher levels of compressibility than in free shear layers. Plan view
images also show two dimensionality to decrease with increasing
Mach number. Autocorrelationsperformed on windows in the shear
layer show the structuresize to decrease greatly (63% from Mach 1.8
to 3.5) with increasing Mach number. With cross correlations be-
tween image pairs separated by 15-, 20-, and 25-us delays, shear
layer structures were tracked. For the same nondimensional time
delay, the peak correlation level decreased by 23% as the Mach
number was increased from 2.1 to 3.5. Measured convective veloc-
ities were found to vary laterally in the shear layer and were most
accurately represented by 0.57 times the freestream velocity, which
is generally used in Rossiter’s® theory.
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