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Shear Layer Flapping and Interface Convolution
in a Separated Supersonic Flow

C. J. Bourdon¤ and J. C. Dutton†

University of Illinois at Urbana–Champaign, Urbana, Illinois 61801

The steadiness and convolutionof the interface between the freestream and recirculating/wake core regions in an
axisymmetric,separated supersonic� ow were studiedusing planarimaging.Fiveregionsalongthe shear layer/wake
boundary were investigated in detail to quantify the effects that key phenomena, such as the recompression and
reattachment processes, have on the development of large-scale unsteady motions and interfacial convolution.
These studies show that � apping motions, when viewed from the side, generally increase in magnitude, in relation
to the local shear layer thickness, with downstream distance, except at the mean reattachment point, where they
are slightly suppressed. When viewed from the end, the area-based (pulsing) � uctuations increase monotonically
downstream as a percentage of the local area, whereas the position-based (� apping) motions show pronounced
peaks in magnitude in the recompression region and in the developing wake. The interface convolution increases
monotonically with downstream distance in both the side- and end-view orientations.

Introduction

T HE nature and structure of turbulence in compressible shear
� ows are still not fully understood. A better understanding

of this turbulence is critical to efforts to control supersonic vehi-
cles and projectiles, lower their base drag, or change their radar
signature. Past efforts have determined the mean size, shape, and
eccentricityof the large-scaleturbulent structurespresent in planar1

and axisymmetric2 supersonic base � ows and in highly compress-
ible mixing layers3 ¡ 5 using Mie scattering from condensed ethanol
droplets as the primary diagnostic. These studies give useful in-
formation about the mean turbulent structures that are on the scale
of the local shear layer thickness, but the technique employed to
analyze the images does not provide any information about larger
scale motions, such as shear layer � apping or the effect that the
structureshave on the convolution,that is, tortuousnessor degree of
folding and twisting, of the shear layer interface. The present study
addresses these issues.

Shear Layer Steadiness and Flapping Motions
Most of the documented research in � apping is for low Reynolds

number planar shear layers and jets.6,7 For a planar nozzle geo-
metry, the apparent � apping motions are derived from asymmetric
staggeringof the large vortices that form from the rollup of Kelvin–

Helmholtz-type instabilities, on either side of the jet. A classic ex-
ample of � apping motion is shown in the von Kármán vortex street
formed by shedding in the wake of a cylinder in cross� ow.

The high level of compressibility (M 1 =2.46 and Mc = 0.49–

1.4; see Table 1) and large Reynolds number (52 £ 106 m ¡ 1) dic-
tate that motions of the type just described for incompressible, low
Reynolds number � ows are not present in the current supersonic,
separated� ow.8 In compressible,axisymmetric � ows, � apping mo-
tions are thought to be generated by the propagation of helical
disturbances,8,9 which must be pumped by feedback from down-
stream disturbancessuch as obstacles10 or shockstructures.9 Ponton
and Seiner8 showed that the � apping motions of an axisymmetric
jet with an exit Mach number of 1.3 are generated by double-helix
disturbancesdevelopedfrom instabilitiesgeneratedat the nozzle lip
via feedback from downstream shock structures. Similar phenom-
enacan occurwithin the recirculationregion in thepresentseparated
� ow.
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Variability in the shear layer position can also be generated by
pressure � uctuationsin the freestream.Asymmetric circumferential
pressure � uctuations can contribute to motion of the centroid of the
enclosed wake core area (in the end view), whereas circumferen-
tially symmetric pressure � uctuations can contribute to � uctuations
in the magnitude of the recirculation and wake core areas and vari-
ability in the location of the reattachment point.

Smith11 reported unsteady shear layer motions with a magnitude
of approximately one-third of the local shear layer thickness in a
planar, supersonic, reattaching base � ow. Although his geometry
was planar rather than axisymmetric, as in the current � ow, the
mechanisms that cause this unsteadiness (feedback through the re-
circulating � ow region, pressure � uctuations in the freestream) can
produce similar results. Both symmetric and asymmetric motions
can occur, leading to either area-magnitude � uctuations or shear
layer � apping, respectively.

Interface Convolution
Two sources were found that attempted to describe qualitatively

the effect of compressibilityon the convolutionof the interface be-
tween � uids in a planar shear layer. Clemens and Mungal4 claim
that the convolution of the interface,when visualized from the end-
view orientation, increases with convectiveMach number, whereas
Island et al.12 claim that the overall interface appears smoother for
higher convective Mach numbers. These statements do not neces-
sarily con� ict because these studies also show that, as convective
Mach number increases, the organization of the large-scale turbu-
lent structures changes from a spanwise to a streamwise orientation
and the coherenceof the structuresdecreases.Therefore, in the end-
view plane, the degree of interface convolution can increase while
the overall interface convolution decreases at higher levels of Mc .
Clearly, quantitative results are necessary to elucidate and verify
observationssuch as these.

Very few studies have been performed to determine directly the
convolution of the interface of compressible shear layers, even
though this is an important indication of the mixing potential be-
tween two streams. Two common practices that have been cited in
the literature to determine interface convolution are determination
of the fractal dimension13,14 and direct calculation of the length
of the interface.15 The fractal dimension classi� cation asserts that
the mixing interface is composed of degeneratepatterns that repeat
themselvesthroughoutall scalesof the � ow. These studiesshow that
mixing interfacesmost commonlyhave a fractaldimensionbetween
2.2 and 2.7 (Refs. 13 and 14). The interpretationand usefulness of
fractal results in � uid mechanics applications are not particularly
clear, and the method is not widely used. The interface length tech-
nique is more straightforward.This method postulates that there is a
surface (or line in a two-dimensionalimage) that correspondswith a
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Table 1 Coordinates and � ow parameters at imaging positions

Convective Mie scattering LDV velocity Mie scattering End-view
Imaging Distance from Mach number shear layer shear layer shear layer recirculation/wake
position Location base corner, mm Mc thickness d Mie, mm thickness d Vel, mm angle, deg core area Amean , mm2

A Shear layer 18.4a 1.23 2.47 5.9 12.7 2610
B Shear layer 36.8a 1.40 3.67 9.3 14.0 2040
C Recompression 72.4a 1.24 4.42 12.5 9.3 1016
D Reattachment 84.1b 1.09 4.98 13.6c —— 456
E Near wake 135b 0.49 13.69 —— —— 754

aMeasured along shear layer. bMeasured along centerline. cEstimated.

minimumpotentialfor mixing in any geometry.15 The actualmixing
interface length can then be ratioed with this minimum mixing in-
terface length to indicate the increased potential for mixing caused
by the increased interfacial area available.

Because of its relative simplicity, the length–ratio technique is
employed in this study. A paper, by Glawe et al.15 employed this
methodto determinethemixingpotentialof a streamwisejet injected
from the base of a strut into a supersonic freestream. They found
that a range of shape factors, from approximately 2 to 4, could be
attained by varying the cross-sectional shape and exit velocity of
the jet.

Equipment and Diagnostics
The data presented in this paper have been gathered from exper-

iments performed in the Gas Dynamics Laboratory at the Univer-
sity of Illinois at Urbana–Champaign. The axisymmetric base � ow
facility generates a Mach 2.46 � ow about a 63.5-mm-diam cylin-
drical afterbody/blunt base. The base � ow tunnel is characterized
by a relatively low freestream turbulence intensity (<1%), a turbu-
lent boundary-layer thickness at the trailing edge of the afterbody
of 3.2 mm, and a unit Reynolds number of Re =52 £ 106 m ¡ 1, as
cited in the laser Doppler velocimetry (LDV) data of Herrin and
Dutton.16

Flowvisualizationsof the interfacebetweenthe freestreamandre-
circulation/wake core regionshavebeenaccomplishedin the current
experimentsby implementing the same Mie scattering techniqueas
Smith and Dutton1 and Bourdon and Dutton.2 Ethanol vapor was
seeded into the supply airstream. As it is rapidly accelerated in
the converging–diverging nozzle, the ethanol vapor condensed into
a � ne mist of approximately 0.05-l m-diam droplets,11 which are
easily small enough to follow the large turbulent structures.17 The
condensation characteristics of ethanol dictate that, in our facility,
the ethanol will condense at all � ow speeds higher than approx-
imately sonic conditions. Thin slices of this ethanol fog were il-
luminated via a 200-l m-thick laser sheet formed from a Nd:YAG
laser with a nominal pulse energy of 450 mJ/pulse and at a pulse
frequency of 10 Hz (Fig. 1). A high-resolution,14-bit unintensi�ed
charge-coupleddevice (CCD) camera was used to record the scat-
tered light.End-view images were obtainedby rotating the cylindri-
cal mirrors in the optics train and positioningthe camera off-axis.A
geometric transformation was then applied to the images to obtain
a true end view. Many more details concerning the � ow facility and
visualizationmethod may be found in Refs. 1 and 2.

General Flow� eld Characteristics
Figure 2 is a global Mie scattering image of the � ow� eld in ques-

tion. This � ow is driven in largepart by the base-freestreampressure
and velocity mismatches that result from the sudden termination of
the afterbody and the attendant � ow separation. Expansion waves
emanate from the base corner, and a free shear layer forms as a
result of the pressure and velocity mismatches, respectively. Be-
cause the intensity of the Mie scattered light is proportional to the
number density of the ethanol droplets,which is reduced across the
expansion, the expansion appears as a dark region emanating from
the base corner. As the shear layer approachesthe axis of symmetry,
the mean � ow must turn parallelto theaxis.An adversepressuregra-
dient and, thus, recompression waves in the supersonic freestream
develop due to this turn along the axis of symmetry. These recom-
pression waves are indicated in Fig. 1 by the discontinuous bright

Fig. 1 Mie scattering image acquisition system.

bands near the right center of the image. Lower velocity � uid on
the inner edge of the shear layer does not possess suf� cient kinetic
energy to negotiate the recompression process and is turned back
toward the base, forming a large recirculation region. Because the
air in this region is at relatively low velocity, and is thereforewarm,
condensed ethanol is not present, and light scattering by the laser
sheet does not occur.A point, Xr in Fig. 2, existswhere the mean ve-
locity along the axis is zero and is termed the reattachmentpoint.16

This point delineates the recirculation region immediately behind
the base from the trailing-wake region.

Bourdon and Dutton2 have recently completed a detailed study
of the size, shape, and orientationof the large-scale turbulent struc-
tures present in this � ow. This study examined � ve speci� c regions
in which various featuresof the mean � ow� eld are expected to have
the greatest in� uence.These locationsare shown in Fig. 2. Positions
A and B are in the postseparationshear layer, before the strong in� u-
ence of the adverse pressure gradient. This strong adverse pressure
gradient is in full effect by position C, and position D is located at
the mean reattachment point. Position E is located in the trailing
wake that develops downstream of the reattachmentpoint.

Figures 3 and 4 show instantaneous side- and end-view images,
respectively, from imaging locations B–E. Images from position
A have been excluded for the sake of brevity; qualitatively, they
are very similar to those at position B. The side-view turbulent
structures (Fig. 3) appear to be dramatically enhanced in size by the
adversepressuregradient(positionC). They also appearmuch more
organized in the developing wake (position E), partially because of
the lower convectiveMach number in this region (0.49 vs about 1.3
farther upstream; see Table 1). The turbulent structures generally
appear to be more regularly spaced in the end views (Fig. 4) than in
the side views. There is a relatively constant number of structures
in each frame at each end-view imaging position, but this number
decreaseswith downstreamdistance.Theseend-viewstructuresalso
occupy a larger percentage of the core � uid area with increasing
downstream position.

Results and Discussion
The current study examines the same � ve imaging positions as

the earlier Bourdon and Dutton2 study (Fig. 2) and quanti� es the ef-
fects of � apping and mixing interface convolution in these regions.
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Fig. 2 Instantaneous global composite image of near-wake � ow� eld and illustration of � elds of view used.

Fig. 3 Instantaneous side-view images typical of those gathered at po-
sitions B–E.

Fig. 4 Instantaneous end-view images typical of those gathered at po-
sitions B–E.

Reference2 presented only ensemble-averagedresults for the mean
large structure size, angular orientation, and eccentricity and did
not consider � apping or convolutionof the shear layer, as discussed
here. The techniques used in the current work aid in interpreting
the spatial correlation analysis and LDV measurements previously
performedin this � ow� eld and providea vital link between theover-
all nature of the shear layer and the large-scale turbulent structures
that dominate its development. The � ve imaging positions shown
in Fig. 2 were chosen to characterize best the behavior of the four
major regions of interest (postseparation shear layer, recompres-
sion region, reattachment region, and developing wake) along the
path of the reattaching shear layer. The locations of and other per-
tinent information about the � ve imaging positions are presented
in Table 1. The convective Mach number and velocity shear layer
thicknessespresented in Table 1 were estimated from the LDV data
of Herrin and Dutton.16 Approximately 500 images were acquired
at each imaging position and in each view. Ensembles of this size
were found by Smith11 to produceconvergedmean and rms images.

Note that the Mie scattering thicknesses are approximately 40%
of the velocity thicknesses reported by Herrin and Dutton16 in the
same � ow� eld and correspond to approximately the 90–50% mean
velocity locations, or roughly the outer-half of the shear layer. This
difference results because the intensity gradient visualized with the
Mie scattering technique is generated entirely by low-temperature,
that is high-speed, � uid, which lies in the outer-half of the shear
layer. Thus, when considering these results, one must keep in mind
that the structuresseen in the images and the statisticspresented are
for effects seen in this outer region.

Shear Layer Large-Scale Motion Analysis
The large-scale motion (or � apping) of the shear layer is an im-

portant factor in determining the turbulence mechanisms that act
on the shear layer and in interpreting other experimental results.
The motion of the shear layer can indicate the presence of global
instabilities, for example, axisymmetric or helical motion, that may
not be detected by spatial covariance analysis.1,2,5 Also, if a shear
layer is actively � apping, it can arti� cially increaseLDV turbulence
statistics and smear image covarianceanalyses.For these reasons, a
techniquehas been developed to characterizethe nature of the shear
layer large-scale motion.

Side View
In the side-view orientation, we assume that the large-scale mo-

tion occurs normal to the mean local shear layer isointensity lines.
With this assumptionmade, the bulk shear layermotion can be char-
acterizedby obtaininga spatiallyaveragedshear layer position from
each instantaneousimage. Such averages were used to limit the ef-
fect that the passage of a single large-scale structure would have
on the perceived � apping measurement.This average is determined
by collapsing the image in the streamwise direction to obtain the
transverse intensity pro� le. The shear layer position is then deter-
mined by locating the intensity level that is 20% of the maximum
value, which approximates the inner edge of the shear layer. The
instantaneous intensity pro� le across the shear layer thus obtained
is relativelyinsensitiveto skewness in the shear layer’s position,and
so this technique is not ideal for detectingmotion that is not normal
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Fig. 5 Spatiallyaveraged instantaneous intensity pro� le from a typical
side-view image.

Fig. 6 Histograms of transverse shear layer motion at positions A, C,
D, and E gathered from side-view images.

to the mean image isointensity lines. See Fig. 5 for an example of a
streamwise-averagedintensitypro� le from an instantaneousimage.

Figure 6 shows probabilitydensity functions (PDFs) of the shear
layer displacement from its mean location normalized by the local
shear layer thickness h 0 / d local as seen in the side views at positions
A and C–E. The results at the upstream locations, positions A, B
(not shown), and C, display a nominally Gaussian shape with a pro-
nounced central peak. The near-Gaussian PDF shape at these loca-
tions indicatesthe presenceof a singlepreferredshear layerposition.
In the reattachment region, position D, the distribution of instanta-
neous displacement values is more uniform across the span of the
PDF, losing the Gaussian shape observed at the locations upstream
of reattachment.This demonstratesthat there is no clearlydominant
preferred shear layer position in the region surrounding the mean
reattachment point. Incoherent � apping motions in this region are
yet further indicationsof thedecreasein turbulencestructureorgani-
zation that accompanies the reattachmentprocess.1,18 The displace-
ment histogramdisplays a bimodal or possibly even trimodal shape
at position E in the trailing wake, and the PDF is even wider than at
the upstream locations. The lower convective Mach number at this
wake location (Mc = 0.49) allows for a higher degree of turbulence
organization and better de� ned peaks in the shear layer displace-
ment histogram than at positionD. An illustrationof the shear layer
displacement at position E is shown in Fig. 7. The images in Fig.
7 are representative of typical images from the two displacement
peaks of the PDF near h 0 / d local = §0.2. Note that there is no obvi-
ous difference in the turbulent structure between these frames. This

High mode Low mode

Fig. 7 Side-view shear layer displacement at position E.

Fig. 8 Side-view rms displacement of freestream/shear layer bound-
ary from mean position normalised by local shear layer thickness for
positions A–E.

motion could be due, then, to differences in the amount of � uid
escaping from the recirculation region at each instant imaged.

The rms displacement of the side-view motion at each imaging
position is plotted in Fig. 8, for both the present axisymmetric geo-
metry and the planar geometry studied by Smith and Dutton.1 This
normalized representation(by d local ) is most appropriatefor judging
the local signi� cance of the � apping motions and their effects on
the local turbulencestructure.Therefore, this view of the shear layer
motion provides a more relevant vantage point when determining
the effect that these motions will have on turbulence quantities that
have been gathered by LDV or other pointwise velocity measure-
ment techniques in this � ow, for example, interpretationof � apping
unsteadiness as turbulence.

As shown in Fig. 8, the rms � uctuationsof the shear layer position
are up to 25% of the local thickness in the axisymmetric base � ow.
The planar shear layer results are consistently larger than the ax-
isymmetric results, except at position B where they are equal. This
suggests that the geometrical constraintsplaced on the axisymmet-
ric shear layer as it approachesthe axis of symmetry tend to dampen
large-scale motions.

In both geometries, the normalized rms displacement generally
increasesat successiveaxial locations,until the reattachmentpoint,
positionD. The reduced � apping(in relation to d local ) at this location
is consistent with the symmetry condition that must be enforced
(in a time-averaged sense) as the shear layer approaches the axis
and reattaches onto itself. This reduction is slightly weaker in the
planar case because the reattachment process in that case occurs
along a line, whereas in the axisymmetric case, it occurs at a point.
This streamline convergence for the axisymmetric geometry has
been shown18 to stabilize the turbulence � eld. The increased rms
displacement at position E can be attributed more to the presence
of multiple preferred positions (Fig. 6) than to a pure broadening
of the PDF as noted at the initial imaging locations, positions A–C.
Consideringthat the Mie scatteringthickness d local is less than halfof
the velocity thickness at each location (Table 1), these rms � apping
motionsare rather small, all being less than 15% of the local velocity
thickness.

Becausenormalizationby the localshear layer thicknesswas used
in Fig. 8, this plot displays a different trend than that viewed when
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h 0
rms is nondimensionalizedby a constant length scale, such as the

base radius. This interpretation indicates that the shear layer � ap-
ping � uctuationsare very small in a dimensionalsense (about1 mm
or 3% of the base radius) before reattachment, and they increase by
a factor of over four at the imaging position in the developingwake.
This agrees well with what was seen by direct observationwhile ex-
periments were performed. The � apping motions, from a global or
dimensionalperspective,are negligiblethroughthe reattachmentre-
gion.Only in the wake developmentregion are the � apping motions
signi� cant compared to the base radius.

End View
In many respects, it is much more natural to view the effects

of � apping and pulsing motions in the end view than in the side
view. In this view, a global perspective of the shear layer is seen a
given distance downstreamof the base. Because the end view of the
axisymmetric shear layer is a nominally circular, closed curve, the
bulk motion is not derivedusing the same technique as was used for
the side view. The motion viewed as � apping in the side view can be
separated into two distinct types of motion in the end view: pulsing
(or expansion/contraction) of the core region and displacement of
the centroid of the shear layer. Therefore, a technique has been
developed to isolate these two effects.

The nominally circular shape of the end-view shear layer can be
exploited to develop intensity pro� les across the shear layer similar
to those from the side view. A circumferentially averaged radial
intensity pro� le about the instantaneouscore centroid is generated
similar to the linearly averaged pro� les in the side view. Core � uid
is de� ned for this purpose as any pixel that has an intensity of less
than 20% of the average intensity in the freestream,and the centroid
is de� ned as the area center of all core � uid pixels. The variation in
area occupied by the core � uid indicates the magnitude of pulsing
motions,whereas the motion of the core � uid centroidcharacterizes
the displacement of the shear layer from its nominal position.

Scatter plots of the instantaneouscore-region centroid positions,
normalizedby the local shear layer thickness,are shown for the end
viewsat imaginglocationsB–E in Fig. 9. The discretizedappearance
of the instantaneous centroid positions at position B is an artifact
of the resolutionof the CCD camera. The diameter of the core � uid
region at positions A and B is approximately 400 pixels, whereas
the instantaneouscentroid position varies at these locations by only
approximately 5 pixels in any direction.

The magnitude of the centroid-positionvariations at imaging lo-
cations A (not shown) and B in the shear layer are similar, with
roughly random variations in all four quadrants, at a maximum

Fig.9 Mapsof instantaneousrecirculation/wake core centroid position
at imaging locations B–E, end view; Y and Z are vertical and horizontal
directions, perpendicular to the downstream direction X.

a) Position C, left displacement

b)PositionC, rightdisplacement

c) Position E, left displacement

d) PositionE, rightdisplacement

Fig. 10 Instantaneous images demonstrating centroid motion along
Z axis.

of about 0.2 shear layer thicknesses about the mean location. The
centroid-position variations at the mean reattachment point, posi-
tion D, are also similar to those at positions A and B in distribution,
but with a slightly larger magnitude (Fig. 9). Positions C and E in
the adverse pressure gradient and developing wake regions, on the
other hand, exhibit a horizontal, sloshing type of motion, predomi-
nantly along the Z axis. The magnitudes of the centroid motions at
these two locations are also much larger than at the other stations.

The sloshing motions exhibited at positions C and E require fur-
ther examination. Instantaneous images that illustrate this motion
of the centroid along the Z axis are shown in Fig. 10. It is clear
after examining these images that the large, mostly horizontal cen-
troid displacements at these locations are caused by an asymmetry
in the distribution of the largest turbulent structures about the shear
layer circumference.This is evidence that the apparent � apping or
unsteadiness visualized in the end-view orientation in this � ow is
caused predominantlyby the passage of these very large structures,
which is similar to the results found in incompressible,axisymmet-
ric jets.7

This large-scale structure asymmetry could possibly be due to
a double-helix instability that alters the organization of the large
structures and is somehow anchored in these regions to allow only
horizontal motions. These centroid-position results could also be
caused by slight misalignment of the sting/afterbody in the annular
converging–diverging nozzle of the � ow facility. Further analysis
has indicated that this latter explanation is unlikely, however. Ro-
tating the afterbody has little or no effect on the axis of the sloshing
motions,and oil-streakvisualizationson thebase do not indicateany
� ow asymmetry. However, if either misalignment or helical modes
are responsible for this asymmetry, it is dif� cult to understandwhy
it is only present at positions C and E, and not at A, B, and D, and
why it occurs mostly along a single axis. Perhaps the lack of similar
motions at the early imaging locations, positions A and B in the
postseparationshear layer, can be attributed to the constraintplaced
on the shear layer motion by its proximity to the base and the lack
of strong pressuregradients in the freestream. It is also possible that
there is asymmetry in the turbulent structure organization at these
locations, but the scale of the structures in relation to the recircula-
tion region is so small that the effects are below the resolution limit
of the CCD camera. The effects of lateral streamline convergence
and axisymmetric con� nement at the mean reattachment point,2,18

position D, may act to randomize the positioning of the large-scale
structures, or turbulent structureamalgamationmay be occurring in
a way that causes a more symmetric distribution of the structures
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Fig. 11 End-view rms displacement of recirculation region/wake core
centroid from mean position, normalized by local shear layer thickness.

Fig. 12 End-view rms variation of enclosed recirculation/wake core
area normalized by the local mean area and base area at positions A–E.

about the shear layer periphery in this region. Position C, with its
characteristicallylargeadversepressuregradientand recompression
waves, and position E, with its lower convective Mach number and
reaccelerating wake core � uid, may be most susceptible to large-
scale motion of the centroid. Further work is needed to determine
the root cause of this curious behavior.

The rms radial displacement of the end-view centroid from its
mean location, scaled by the local shear layer thickness, at all � ve
imaging locations is plotted in Fig. 11. The rms end-view displace-
ment (h 0

rms / d local ) in Smith and Dutton’s planar reattaching super-
sonic � ow1 is plotted alongside the axisymmetric results.Although
the two measurements are not precisely of the same motion, that is,
the planarmeasurementsdo not differentiatepulsing and translating
motions, the similarity between the results at the various positions
is clear. This suggests that the mechanisms responsible for these
motions must be quite similar in the two geometries. The sloshing
motions at positions C and E for the axisymmetric case cause large
peaks with magnitudes in the range of 30–40% of the local shear
layer thickness,whereas positions A, B, and D all have magnitudes
of less than 15% of the local thickness. The end-view motions for
the planar case are generally larger than those for the axisymmetric
base, except in the adverse pressure gradient region, position C.
Figure 11 is valuable in determining the effect that these motions
may have on pointwise velocity statistics; clearly these effects are
largest at positions C and E in the adverse pressure gradient and
wake development regions.

Just as in the side view, the end-view � apping motions appear
quite differentwhen viewed from a global,dimensionalperspective.
Aside from the motion at positionE in the trailingwake, the centroid
position varies by less than 4% of the axisymmetric base radius.
At position E, the rms value of the centroid-position � uctuation
increases to approximately 16% of the base radius.

Figure 12 shows the rms � uctuation of the normalized recircula-
tion/wake core � uid area for the � ve imaging locations of this study
normalizedby both the localmean area and the area of the base.The
rms variation is small, less than 6% of the local Amean , at positions
A–D, and is quite large, just under 25% of Amean , at position E in
the near wake. Recall, however, that the percentage of the instan-

taneous area of the wake core at position E that is composed of
large turbulent structures is much higher than at previous locations,
and the wake core region is of a smaller absolute area compared
to locations A–C (Fig. 4 and Table 1). Therefore, the much larger
percentagearea variationat this location is a result of the increasing
contributionof the largest turbulentstructures to the relativelysmall
wake core area. Note in Fig. 12 the trend to lower rate of increase in
the area variation between positions B and C (Amean normalization)
as compared to between the other locations.Therefore, the adverse
pressure gradient (which is present at C but not at A and B) acts to
reduce the rate at which the area variations grow as the � ow pro-
ceeds downstream. The growth of area � uctuations does increase
slightly between positions C and D as compared to between loca-
tions B and C. This enhanced area variation in the neighborhood
of reattachment suggests that the instantaneous reattachment point
translates upstream and downstream, as expected.

Discerning the absolute magnitude of these area � uctuations is
dif� cultwhen they are scaledby the localenclosedarea Amean . These
area � uctuations can be critical in judging the relative strengths of
the expansion/contraction motions as they progress downstream.
Therefore, the area variations are also plotted in Fig. 12 as normal-
ized by the (constant) base area. One interesting feature illustrated
by this normalization is the substantial increase in dimensionalarea
� uctuations at position B, as compared to A, and the steady de-
crease through the recompression and reattachment processes. At
the upstream positionsA and B, axisymmetriceffectsare negligible
because the shear layer is far from the axis. The recompressionand
reattachmentprocesses, on the other hand, are a direct result of the
shear layer approaching the axis of symmetry. Note also that the
rate of decrease in the magnitude of area � uctuations increases as
the shear layer moves closer to the symmetry axis at reattachment
position D. At position E in the trailing wake, the area � uctuations
are greatly enhanced, even though the wake core/freestream inter-
face is very near the axis. Thus, it is the impingement of the shear
layer on the symmetry axis at reattachment that inhibits area-based
� uctuations in this region. Note, however, that the rms area � uctu-
ations at all imaging locations are relatively small in a dimensional
sense, being less than 6% of the base area in all cases.

Mixing Interface Convolution Analysis
Valuable information is gainedfrom examining the area available

formixingat a given location.If the interfacebetweenthe freestream
and recirculating� uid is de� ned, and its length measured and com-
pared with a limitingcase, the mixing potentialof that region can be
examined. The limiting case is de� ned here as the boundary shape
for a given geometry for which minimum mixing would occur. For
example, in either a side view or end view of a planar shear layer,
the limiting boundary shape would be a line, whereas in the end
view of a round jet, a circle would be the limiting case.

An arbitrary contour, correspondingto 15% of the maximum av-
eraged intensity in the shear layer of a given image, was chosen
to represent the actual mixing interface in this convolution study.
Figure 13 presents a sample end-view image from position E, the
interface between the freestream and core � uids, and the area en-
closed within this interface. Testing of this technique shows that it
is fairly robust and insensitive to the intensity level chosen to mark
the interface,within the range of 5–15% of the peak mean intensity
value in each image.

Note that the image resolution of these experiments is not ade-
quate to resolve small-scalemixing. However, the goal of this study
is to examine the effects of the large-scale structures on the devel-
opment of the shear layer rather than to quantify mixing character-
istics at the smallest scales. Therefore, a series of � lters was applied
to remove smaller structures and irregularities from the interface.
These � lters set an effective lower limit on the degree of curva-
ture or irregularity that registers at the boundary that separates the
freestream and core � uids. The limit can be changed to re� ect the
differences in scale from one image set to the next to ensure that
consistent boundary resolution is applied throughout the study. In
the present investigation, the mean shear layer occupies approxi-
mately one-third of the image frame at each location, so that the
� ltering parameters were held constant throughout the analysis.
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Fig. 13 Shape factor 2.19: a) sample end-view image, b) border of
sample image, and c) enclosed area.

Examining the shape factors (de� ned as the actual to minimum
interface length) of large ensemblesof images at a given location in
the � ow� eld aids in understanding the nature of the turbulence in
that region. The nature of the frequencyhistogram, that is, the num-
ber and strength of peaks, and the mean and standard deviation of
the histogram yield valuable information about the organizationof
the large-scale structures. The height and breadth of the histogram
peaks indicate how consistent and repeatable the large-scale struc-
ture pattern is. Also, when this analysis is viewed in conjunction
with information about the mean size, shape, and orientation of the
large-scale structures,2 the relative abundance and variety of turbu-
lent structures at a given location can be conjectured.

Side View
In the side-view orientation, the mean shear layer is essentially

a linear interface. In such a geometry, minimal mixing will, thus,

Fig. 14 Histograms of interface shape factors: a) position A side view,
b) position D side view, c) position A end-view, and d) position D end
view.

occur for a straight-line interface. Therefore, the proper shape fac-
tor in this view is de� ned as the instantaneous shear layer length
ratioed with the local mean (linear) shear layer length.The more the
instantaneousinterface deviates from linearity, the higher the value
of the shape factor and the greater the potential for mixing.

Figures14a and 14b presenthistogramsof the instantaneousside-
view shape factors for positions A and D. These histograms are
representative of the side-view shape factor histograms at all � ve
imaging locations.Note that the most probable shape factor and the
shape factor variability (PDF width) shown in the side-view his-
tograms generally increase at successive locations.Also, unlike the
histogramspresented in the last sectionfor shear layer motion, these
histogramssuggesta gamma distributionof shape factorvalues.Be-
cause the mean values at all imaging positions are relatively close
to unity, the lower range limit, and the rms deviation is relatively
large, this is intuitively logical.A process with these characteristics
naturally � ts a distribution such as the gamma distribution, which
is skewed toward lower values. This distributionshape remains rel-
atively consistent through all � ve imaging locations.

The mean shape factor increases monotonically with increased
downstreamdistance in the side view for both the axisymmetricand
planar geometries (Fig. 15a). There is a close similarity between
the results for the two geometries. The absolute value and rate of
increase of the shape factor in the side-vieworientationare slightly
larger for the planar geometry, but the other major trends are vir-
tually identical. This suggests that the degree of convolution of the
shear layer is relatively insensitiveto parameters that differ between
the two geometries in each measurement region, such as the loca-
tion of the peak Reynolds stress or the effect of lateral streamline
convergence.18

The shape factor increases monotonicallyand at a relatively con-
stant rate throughout the separated � ow region, positions A–D, for
the axisymmetriccase.Therefore, the adversepressuregradientand
reattachment process have little or no effect on the side-view con-
volution growth, despite the rapid growth in mean structure size in
this region.1,2 Smith11 showed that, for a planar reattaching base
� ow, the large-structureconvectionvelocity decreases dramatically
in the adverse pressure gradient region. Therefore, it is reasonable
to speculate that the mean structure growth in this region is caused
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Fig.15 Side-view shape factors at positionsA–E for both axisymmetric
and planar1 geometries: a) mean and b) rms.

by amalgamation of the large turbulent structures formed upstream
and that enhancementof mixing (and increased shape factor) is not
large through this region. This amalgamation process may occur as
Oh and Loth19 propose for compressible shear layers, that is, that
the large-scale structures simply slap into one another and merge,
without any signi� cant transverse de� ection or rotation about each
other as occur in incompressible pairing processes.20,21 This type
of merging process results because, as the convectiveMach number
increases, communication paths between large structures are sup-
pressed, that is, pressure waves cannot travel upstream fast enough
to communicate the preceding structure’s presence before a colli-
sion occurs between two structures.19 A merging process of this
type would also account for the signi� cant decrease in mean struc-
ture angle that accompanies the rapid increase in structure size in
the adverse pressure gradient region.1,2

In the developing wake (between positions D and E) for both ge-
ometries, the rate of increase of the shape factor is larger than in
the initial portions of the postseparation shear layer that forms im-
mediately downstream of the base, that is, between positions A–D.
Therefore, the rate of increase of the shear layer convolution, and
the size and organizationof the large-scalestructures, is most likely
in� uenced by either changes in the velocity ratio, the reduced con-
vectiveMach number, or the enhancedgrowth of the wake thickness
whencomparedto thegrowthof the shear layerprior to reattachment
(Table 1).

The rms variation of the side-view shape factor increases almost
linearly with increased downstream position between positions A
andD for bothplanarand axisymmetric� ows (Fig. 15b). This shows
that the variabilityof the interface convolutioncaused by the turbu-
lent structures increasessteadily in the streamwise direction regard-
lessof the � owmechanismsactingon the structures.PositionE is the
exception to the pattern; the rate of increase of the rms shape factor
betweenD andE is higherthanbetweenthe initial locations.This lat-
ter resultcouldbedue to thedominanceof very largestructuresat po-
sition E. Variations in the number of these largest structures that are
capturedin a given image could lead to largevariationsin the instan-
taneous shape factor at this location and, thus, to a large rms value.

End View
In the end-view orientation for the axisymmetric case, the shear

layer forms a closed contour, for which minimum mixing will occur

Fig.16 End-viewshape factors at positionsA–E for both axisymmetric
and planar1 geometries: a) mean and b) rms.

when the shear layer is circular. The shape factor is then de� ned as
the actual instantaneous interface perimeter ratioed with the mini-
mum (circular) perimeter enclosing the equivalentarea. The instan-
taneous end-view shape factor histograms are much less skewed
toward low values than those obtained in the side-view orientation
and appear approximately Gaussian; see Figs. 14c and 14d for the
end-view shape factor histograms at positions A and D. The varia-
tion of the instantaneousshape factor, that is, histogram breadth, is
also smaller at each station in the end views than in the side views,
especially at the initial imaging locations. This suggests a higher
degree of consistency of the structures visualized in the end view
than in the side view,which resultsfrom the relativelyconstantnum-
ber of large-scale structures present in each frame for each imaging
position of the end views (Fig. 4).

The mean shape factor values for all � ve end-view imaging po-
sitions are shown in Fig. 16a for both the axisymmetric and planar
bases. The shape factor is seen to increase monotonically with in-
creasing downstreamdistance from separation for both geometries.
Consistently larger shape factor values are seen at each position
and in both the side view and in the end view for the planar case.
Bourdon and Dutton2 have shown that the geometry of the sepa-
rated � ow region has little effect on the growth of the large-scale
turbulent structures outside of the reattachment region. Therefore,
because the mean structures are similar for the two geometries, this
larger shape factor value in the planar geometry must be related to
the organization or mean spacing of the structures. Figure 16 also
shows that the adverse pressure gradient (between positions B and
C) has little or no effect on increasing the rate of shear layer con-
volution as the � ow progresses downstream in the axisymmetric
geometry. Therefore, if the proposed streamwise amalgamation of
the turbulent structures occurs in this region, it has no visible effect
on the rate of increase of the end-view shape factor.

The axisymmetric reattachment process (position D) clearly
enhances the convolution of the enclosed � uid boundary in the
end view. This result is to be expected because of the highly
three-dimensional nature of the reattachment process. The three-
dimensional nature is also evident because the side- and end-
view mean shape factor values are approximately equal at the
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reattachment point. The rapidly decreasing number, but increas-
ing size, of structures present due to structure amalgamation and
shrinking core � uid area are also key features of the � ow in this
region, and they contribute to the enhanced shape factor values at
position D. These latter features are clearly seen in the example im-
ages presented in Fig. 4. Because the planar reattachment process
does not involve the circumferentialcon� nement effects seen in the
axisymmetric reattachmentprocess, little or no change in the shape
factor growth rate at position D in the end view is observed.

After the reattachmentprocessis complete,theaxisymmetriccon-
� nement effects that cause the increased shape factor growth rate
are relaxed, and the rate returns to the prereattachment region val-
ues. The end-view shape factor continues to increase in the trailing
wake, position E, approaching a value of 2 for the axisymmetric
case and 2.4 for the planar case.Note that the end-viewshape factor
values recorded in the current study span the same range observed
by Glawe et al.15 in their study of parallel injection from the base
of a strut into a supersonic co� ow.

The rms shape factor evolution (Fig. 16b) displays an approxi-
mately piecewise linear increase in the downstream direction, with
a distinct change in slope occurring at position C in the recompres-
sion region for the axisymmetric case, and at position D near the
reattachment point for the planar geometry. In these downstream
regions, there are fewer but larger turbulent structures in the end
views, and so this may lead to the increased shape factor variabil-
ity. These regions also coincide with the peak Reynolds shear stress
locations in the two geometries.18,22 Thus, the increased levels of
shear stress (and general turbulence activity) may lead to a more
variable instantaneousshear layer convolution at this location.

Conclusion
The nature of the unsteadymotions and interfaceconvolutionhas

been examined in an axisymmetric supersonic separated � ow. This
study has shown that both � apping (displacement) and area-based
pulsing motions along the interface between the freestream and re-
circulation/wakecore regionsgenerallyincreasein relationto the lo-
cal shear layer thicknessor local enclosedareawith increaseddown-
streamposition.The onlyexceptionto thispatternoccursat themean
reattachment point, where � uctuations are somewhat suppressed
when compared to adjacent imaging positions. The convolution of
the interface between the freestreamand recirculatingor wake core
� uid is also shown to increase with downstream position, with a
pronounced increase in the side-view shape factor value between
the mean reattachment point and the imaging location in the wake.
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