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Altering Turbulence in Compressible Base Flow Using
Axisymmetric Sub-Boundary-Layer Disturbances
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The turbulent structures in the highly compressible near-wake region of a cylindrical base, to which an axisym-
metric sub-boundary-layerstrip disturbance has been applied, are examined in detail using a planarRayleigh/Mie
scattering visualization technique. When the downstream edge of the axisymmetric disturbance is placed approx-
imately 12 momentum thicknesses upstream of the base termination, a base pressure increase of approximately
3% is noted over the no-tab case. The increased base pressure due to the presence of the axisymmetricdisturbance
is attributed to the transfer of turbulent energy into instability modes that are not supported in the near-wake
region. Analysis of the large-scale turbulent structure visualizations indicates that, near the base, axisymmetric
and low-order helical disturbances are present in the developing shear layer. This is indicated by a 35% increase in
area-based and 20% increase in centroid-based unsteady motion in the end-view orientation, and a 100% increase
in mean end-view structure size at the � rst imaging position, as compared to the no-tab case. As the shear layer
travels downstream, the prominence of these disturbances is quickly diminished, due to the high convective Mach
number (1.3) associated with the shear layer near the base. The centroid-based and area-based unsteady motion
and end-view structure size all diminish to levels lower than those seen in the no-tabcase and remain approximately
constant throughout the remaining imaging positions.

I. Introduction

T HE idea of modifying the trailing edge of splitter plates, noz-
zles, or afterbodiesto alter the near-� eld mixing characteristics

is not a new one. For instance, macroscopic point disturbances or
tabs that extend far into the � ow,1;2 obstacles placed downstream,3

afterbodyboattailing,4 andbasebleed,ventilation,andbasecavities5

have all been employed with varying degrees of success. The pres-
ence of macroscopic obstacles can severely limit and/or alter the
capabilities of a system. Drag-reducing mechanisms, such as after-
body boattailing or base bleed, also lead to signi� cant alterations
to a system’s geometry and performance. The current study con-
centrates on a different type of drag- and mixing-altering mecha-
nism, sub-boundary-layer disturbances, that can signi� cantly alter
the mixing characteristics of the base region of a separated � ow
without severely altering the afterbody/base geometry.

In the past, delta-shaped sub-boundary-layer disturbances have
been implemented to enhance mixing in compressibleplanar shear-
layer,6 nozzle,7 and base � ow� elds.8 These studies show that sub-
boundary-layerdisturbancescan potentially alter the evolution of a
shear � ow through the introduction of vorticity into the boundary
layer before separation. It is even demonstrated that the vorticity
generated from these structures will survive passage through the
expansion fan present at the base corner separation point,8 even
though much of the organized turbulence present in the boundary
layer is disrupted by the process.9

Strip disturbances have been introduced onto the trailing edge
of splitter plates to introduce spanwise vorticity into a developing
shear � ow, therebyaltering the mixing characteristics.6 Introducing
spanwise vorticity into compressible shear � ows has proven to be
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relativelyineffectivein improvingthemixing characteristicsof such
� ows and actually reduces the shear-layerthicknessand growth rate
in some cases.6 Arnette et al.10 attributed this to the inability of the
compressible shear layer to amplify two-dimensional disturbances
at large convective Mach number. It was also noted that the prox-
imity of the two-dimensionaldisturbance to the edge of the splitter
plate had a signi� cant effect on the performance of any introduced
disturbance.The workof Smith and Smits11 on a Mach 2.9boundary
layer successivelydistorted by a 20-deg compression and a 20-deg
expansion also suggests that a strip disturbance does not enhance
mixing. Their study showed that, although the mean velocity pro-
� le had recoveredby their lastmeasurementposition,approximately
20±0 downstreamof the initial distortion,the Reynoldsstresseswere
still decaying in the interior portion of the boundary layer.

Although strip disturbanceshave proven ineffectivein enhancing
mixing in compressible shear � ows, there is still a bene� t to ex-
amining their use in base � ows. When base � ows are examined,
decreasingmixing (and, thus, increasingbase pressure)without dra-
maticallyalteringthe afterbodycan prove to have a large bene� t. As
Smith and Smits11 demonstrated,multiple distortionsof the bound-
ary layer can lead to signi� cant, quanti� able changes in the orga-
nization of the turbulent structures present in the boundary layer.
Therefore, examining the effect that strip disturbances have on the
evolution of turbulent structures present in the near wake can lead
to improvements in passive and active control of compressiblebase
� ows.

Figure 1 presentsa schematicof the unalterednear-wake� ow� eld
of a supersonic base � ow. The primary features of the near-wake
region include an expansion fan emanating from the base corner
separation point, compression waves that form as the outer � ow
approaches the symmetry axis, and a relatively strong recirculation
region created by the low-momentum � uid in the base region that
does not possess enough momentum to pass through the adverse
pressure gradient formed by the recompression shock system. The
turbulentstructuresexaminedin this studyexist in the shear layerbe-
tween the outer � ow and recirculationor wake-core regions. These
turbulent structures initiate the interaction between the recirculat-
ing � uid in the base region and the outer � ow and, thus, control
entrainment and mixing in the base region.

It is of critical importance to gain a more comprehensive under-
standing of the large-scale turbulent structures that dominate the
developingwake region of compressiblebase � ows. The role of the
large-scale turbulent structures in the base region is particularlydif-
� cult to quantifybecauseof the interactionthat these structureshave

2217



2218 BOURDON AND DUTTON

Fig. 1 Schematic of mean blunt-based � ow� eld.

with other features of the � ow� eld, such as the expansion fan em-
anating from the base corner and the compression waves that form
as the shear layer approaches the axis of symmetry. These features
introduce extra strain rates12 to the � ow� eld, whose effects on the
turbulenceare nonlinearlycoupledand, thus, are dif� cult to predict.

Most experimentalstudies of base � ows have relied on pointwise
measurement methods, such as laser Doppler velocimetry, to deter-
mine the turbulencestatisticsof the base region.Pointwisemeasure-
ment techniques,althoughprovidingvital statistics,only capture the
effect of the passage of large-scale turbulent structures and not the
macroscopic nature of the structures themselves. Because of this
shortcoming,our understandingof turbulencein compressiblebase
� ows is limited. In addition, more sophisticated turbulence models
are necessary to capture truly the nature of compressiblebase � ows
in numericalcomputations,and, without experimentaldata that illu-
minate the featuresof the large-scaleturbulence, the physicsof such
modelswill likelybe � awed. When drag-alteringmechanisms,such
as the strip disturbancesof the current study are examined, the role
that large-scale turbulent structures play in determining the � ow-
� eld properties of the base region, such as the base pressure, mean
velocity, and turbulence statistics, can be determined.

It is theobjectiveof this studyto providesuchinformationthrough
the use of planar visualizationtechniques.The effect of adding cir-
cumferential vorticity to the near-wake � ow� eld is observed here
using a passive scalar Mie scatteringplanar visualizationtechnique
and is quanti� ed using image averaging, spatial correlation analy-
sis, and steadiness and shape factor analyses. These image-analysis
techniqueshave been applied in planar13 and axisymmetric14¡16 su-
personic, compressiblebase � ows without disturbances and yield a
great deal of information about the evolution of the turbulent struc-
tures present in the near wake.

II. Facilities and Equipment
The axisymmetric,supersonicbase-� ow facility in the University

of Illinois Gas Dynamics Laboratory was employed in this study.
This is a blowdown-type wind tunnel, with compressed air sup-
plied to the plenum chamber from an array of storage tanks that
are � lled by an Ingersoll–Rand compressor. The base model is sup-
ported by a 63.5-mm-diam sting that extends through the facility’s
supersonic converging–diverging nozzle. The freestream � ow be-
fore separation from the base model is at a Mach number of 2.46,
with a unit Reynolds number of 52 £ 106 m¡1 , at typical stagnation
conditionsof P0 D 368kPa and T0 D 300K. The turbulentboundary-
layer thicknesson the sting/afterbodyjustbefore separationhasbeen
measured to be 3.2 mm, and the momentum thickness is measured
as 1 mm (Ref. 17).

The surface disturbances were formed in this study by applica-
tion of pieces of adhesive shipping label to the surface of a blunt-
based afterbody(Fig. 2). Disturbances as small as 1

12
of the velocity

de� cit thickness have been found suf� cient to produce asymme-
tries in overexpanded and ideally expanded jets.18 In our facility,
this translates to a disturbance thickness of approximately 0.1 mm
(Ref. 19), the approximate thickness of the shipping label material.
The disturbance thickness was altered by applying multiple layers
of the labeling material. Because a large variety of tab con� gura-
tions was examined, easy application and removal of the surface
disturbances,as well as the cost of the disturbances,were key issues
in choosing the tab material.

Fig. 2 Strip-tab con� guration used in this study.

Fig. 3 Mie scattering image acquisition system.

For imaging data acquisition, the planar Rayleigh/Mie scattering
technique was implemented in this study. In the past, this method
has proved invaluable in visualizingand quantifying the turbulence
structure of compressible shear � ows.8;13;14;20¡22 Liquid ethanol is
injected into the carrier air approximately 1.5 m upstream of the
plenum chamber. The ethanol quickly evaporates as it is carried
into the plenum. As the ethanol and carrier air are accelerated su-
personically, the rapid expansion causes the vapor to condense into
a � ne mist, with a mean droplet diameter of approximately0.05 ¹m
(Ref. 23). This condensation occurs at thermodynamic conditions
that correspond to a Mach number of approximately unity23; there-
fore, the interface between the supersonic outer � ow and subsonic
inner � ow (recirculation or wake-core regions) is marked. A thin
laser sheet, generated by a Nd:YAG laser, producingapproximately
400 mJ per pulse at a frequency-doubledwavelengthof 532 nm and
with an 8-ns pulse width, illuminates the mist (Fig. 3). A 14-bit,
back-illuminated, unintensi�ed Photometrics charge-coupled de-
vice (CCD) camera is used to image the illuminated droplets.

III. Results and Discussion
Imaging positions have been chosen to correspond with key fea-

tures in the � ow� eld. It is assumed that the locations of the mean
reattachmentpoint and the recompressionshock system are approx-
imately the same as for the blunt-based � ow� eld because the base
pressure is increased only modestly by the strip disturbance. The
imaging locations are described in Table 1 and shown in Fig. 4. Po-
sitions A and B correspondto the free shear-layerregion of the � ow,
where pressureand extra strain rate effectsare negligible.Position C
is located in the center of the recompressionregion, where the outer
� ow begins to align itself with the symmetry axis. Position D is
located at the mean reattachmentpoint for the blunt-basedcase, and
position E is in the developing wake region of the � ow. The local
convective Mach number of the shear layer, mean enclosed end-
view area, and angle of the shear layer with respect to the symmetry
axis are given for each imaging location in Table 1.

As mentionedearlier, the strip disturbance(Fig. 2) hasbeendocu-
mented as notonlybeingless effectiveat promotingmixingin planar
shear layers, but actually decreases mixing in some cases.6 It has
also been noted that the proximity of the disturbance to the splitter
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Table 1 Coordinates and estimated � ow parameters
at imaging positions

Distance Convective End-view
Imaging from base Mach core area, Shear-layer
position Location corner, mm numbera A=Abase angle, deg

A Shear layer 18.4b 1.23 0.885 12.3
B Shear layer 36.8b 1.40 0.690 13.3
C Recompression 72.4b 1.24 0.280 7.8
D Reattachment 84.1c 1.09 0.229 ——
E Near wake 135c 0.49 0.151 ——

aEstimated. bMeasured along shear layer. cMeasured along centerline.

Fig. 4 Fields of view used in this study.

Fig.5 Effect of strip tabonthebase pressure of a cylindricalafterbody;
case A tab is 12 mm wide, case B tab is 6 mm wide, and case C is two
6-mm-wide tabs placed 6 mm apart.

plate tip can signi� cantly alter the mixing bene� t or detriment of
the disturbance generator.6 Velocity measurements in supersonic
boundary layers subject to multiple distortions show that, down-
stream of such disturbances, the Reynolds stresses do not recover
in the inner portion of the boundary layer for at least 20± (Ref. 11).
Therefore, the true bene� t of the strip tab could possibly be to de-
crease mixing and, thus, increase base pressure (reduce base drag)
instead of increasing mixing.

A. Base Pressure Measurements
With thismotivation,base-pressuredatawere acquiredto quantify

the effect that strip disturbanceshave on the drag characteristicsof
axisymmetriccompressiblereattaching� ows. Three tab geometries
were chosen:a single12-mm-wide tab, a single6-mm-wide tab, and
a double tab, consistingof two 6-mm-wide tabs separatedby 6 mm.
The proximity of the trailing edge of the tab system to the base cor-
ner was varied from 0 to 25 mm. For all cases, the tabs were 0.5 mm
thick. The results of the base pressure measurements as a function
of tab position are shown in Fig. 5. All three cases demonstrate a
base pressure maximum for a tab placement approximately 12 mm
upstream of the base corner. The 12-mm-wide single tab (case A)
producesa slightly higher base pressure than the 6-mm-wide single
tab (case B), and the dual-tab con� guration (case C) slightly out-
performs either single-tab con� guration. The optimal bene� t of the
strip disturbance for these thicknesses, widths, and tab placement
can lead to a base pressureincreaseof 2.5–3.1%,without accounting
for the increased drag caused by the disturbance itself.

B. Strip-Disturbance Visualizations
Because the maximum base-pressureincrease of the strip distur-

bances is small, only the 12-mm-wide strip tab, located12 mm from
the trailing edge of the base (case A optimum), is examined in de-
tailwith the Rayleigh/Mie scatteringtechnique.The effectof adding
the strip disturbanceis decidedlymore dif� cult to see directly in the
side- and end-view images than for the delta-shaped disturbances8

examined earlier because the primary vorticity component created
is circumferential instead of streamwise oriented. Therefore, large
ensembles of images have been obtained in both the side and end
views so that statistics can be derived to quantify the effect that the
strip disturbance has on the turbulent structures of the near wake.
As in previous studies of this type,13¡16 � ve imaging locations have
been chosen to represent the different stages in the developmentof
the shear layer in the near wake. Ensembles of 500 images have
been gathered at each imaging positionand in both the side and end
views. It has been shown previously that ensembles of this size are
suf� cient to produce stable statistics.13

Instantaneous images from the near-wake region of the axisym-
metric reattaching � ow altered by a strip disturbance are presented
in Fig. 6. Average images are not presented because the ensemble-
averaged shear layer does not contain any signi� cant features. As
in the no-tab case, the shear layer is circular and symmetric in the
average end view, indicating that there is no signi� cant, stationary,
streamwise-oriented structure. Qualitatively, the instantaneous im-
ages seem very similar in character to those of the no-disturbance
base � ow� eld. The differences lie in the organization and apparent
activity of the turbulent structures visible along the interface. In the
side view (Fig. 6a, most obvious in bottom image), the structures
appear often to be regularly spaced, a feature rarely seen in the
no-tab case. This suggests that there may be a periodic shedding
of the turbulent structures from the strip tab. The other feature that
differentiates these images from the no-tab case is that, like images
from the near wake of a boattailed afterbody,16 the tortuousnessand
variability of the individual structures appears to be lower than in
the no-tab case. The border between the freestream and core � uid
contains more gray scales and fewer serrated and/or jagged edges.

The average10–90%intensityshear-layerthicknessat each imag-
ing position is presented in Fig. 7. These results show that the shear
layer is thicker through the mean reattachment point due to the
presence of the strip disturbance. The shear-layer growth rate dis-
plays a signi� cantly different behavior, however. In the strip-tab

a) b)

Fig. 6 Selected imaging positions in near-wake region of strip-tab dis-
turbed � ow: a) instantaneous side and b) end views; arrows indicate the
approximate location of turbulent structure centers.
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Fig. 7 Average shear-layer thickness for 12-mm-wide tab, located
12 mm upstream of base corner.

case, the growth rate near the base is slightly lower, indicatinglower
entrainment rates and, thus, higher base pressure (Fig. 5) (Refs. 14
and 17). The shear-layergrowth rate, interestingly, is virtually con-
stant throughoutthe near-wakeregion for the strip-disturbancecase.
This indicates that the adversepressuregradient and streamlinecur-
vature effects that promote an increased growth rate in the no-tab
case do not affect the strip-tab near wake in the same fashion. The
most readilyapparentdifferencebetween the strip and nondisturbed
cases is the proximity of the shear-layer interface to the centerline
(closer for no tabs). The mean core � uid area actually reaches a
minimum in the reattachment region15 for the no-tab case. There-
fore, streamline convergence effects can be deduced as responsible
for the change in slope apparent in Fig. 7 for the no-tab case at
the mean reattachment point. The diminished in� uence of stream-
line convergenceand the absenceof concave streamlinecurvaturein
the strip-disturbed � ow� eld near reattachment leads to diminished
shear-layergrowth rates in the developing wake region and a much
thinner shear layer at imaging position E.

C. Shape Factor
As de� ned in this study, the shape factor is the ratio of the actual

length of an interface to the theoretical minimum interface length.
For example,whenanenclosedinterface,suchas the shearlayerseen
in the current end views is examined, the minimum interface length
would be the circumferenceof a circle encompassingthe same area.
For an open interface, such as seen in the current side views, the
minimuminterfacelengthwould be that of a straightline connecting
the most upstream and downstream boundary points. The shape
factor is intended to be an indication of the mixing potential of a
given interface.

The side- and end-view shape factor values calculated for the
strip-tab and no-tab cases15 are presented in Figs. 8 and 9, respec-
tively. For Figs. 8 and 9, the interface is de� ned as the location
where the intensity is 20% of the freestreamvalue.The shape factor
values are insensitive to the choice of the interface intensity value
because the intensity gradient between the freestream and recircu-
lating � uid is generally very sharp. These shape factor results are
the means of approximately500 shape factor values for each image
ensemble, and the uncertainty bars on the measurements represent
the rms values calculatedfor the ensemble at each imaging location.
In general, shape factor variability is higher in the side view than
in the end view. This effect is related both to the dominant orienta-
tion of the large-scale structures and to the side-view and end-view
window sizes.15 Because the major axis of the large-scalestructures
is generally oriented in the streamwise direction, the variability of
individual turbulent structures leads to a higher variability in the
side view than in the end view. The � eld of view is approximately
three times the size of individual turbulent structures in the side
view and is much larger in the end view. Thus, in the side view,
the passage of individual structures through the � eld of view can
contribute signi� cantly to the calculated rms shape factor value. In
the end view, there are more structurespresent in each image frame,
and the contribution to the rms shape factor value from individual
turbulent structures is smaller.

Fig. 8 Side-view shape factor for strip-tab case.

Fig. 9 End-view shape factor for strip-tab case.

Several interesting trends are seen in Figs. 8 and 9. First, the
shape factor appears to change very little between imaging loca-
tions B and C and then decreases between C and D in the side view
(Fig. 8) for the strip-tabcase. This decreasingtrend, althoughsmall,
indicates that there is little mixing or development occurring near
reattachment in the strip-disturbed near wake. At position A, near
the base, the side-viewshape factor is markedly higher for the strip-
disturbed � ow� eld than for the nondisturbed � ow� eld. However,
at the mean reattachment point, position D, the shape factor values
are approximately equal. Another noteworthy difference between
the strip-disturbed and nondisturbed � ow� elds is apparent in the
end view (Fig. 9) at position D, the mean reattachment point. In
the no-tab case, there is a jump in the end-view shape factor value
from that at position C due to the impingementof the shear layer on
the centerline and the three-dimensionalnature of the reattachment
process.15 For the strip tab-disturbed� ow, there is no change in the
rate of increase of the end-view shape factor at this position. This
indicates that the streamline curvature and axisymmetric con� ne-
ment effects seen in the no-tab case15 do not generate the same type
of mixing at the mean reattachmentpoint for the strip-tabcase. The
� nal result of interest is seen in the last imaging position in the de-
veloping wake. Because of the lower pressure rise due to the higher
base pressure in the strip-disturbedcase than in the no-tab case, the
mixing enhancement that recompression causes is much smaller,
and the shape factors are much lower downstream as a result.

D. Steadiness/Flapping Motions
The unsteadynature of the shear layer is determined from a statis-

tical examination of the interface between the freestream and core
� uids in the instantaneous images. The interface is designated here
as the location where the scattered light intensity drops to 20%
of the freestream value. The shear-layer position (normal to the
streamwise direction) in each instantaneous side-view image can
be compared with that of the entire ensemble, and bulk shear-layer
motion can, thus, be detected. In the end view, the shear layer is
nominally a circular, closed curve. Because of this, both pulsing (or
expansion/contraction)and � apping (or centroidal)motions can be
described. This technique is described in detail in Ref. 15.
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If the assertions of other researchers6;10 can be extended to the
currentwork, several key patterns shouldbe visible in the steadiness
and � apping analysis of the strip-tab case. First, one would expect
the overall level of shear-layer motion to increase from the no-tab
case. In Smith and Smits’s work,11 it was shown that the Reynolds
stresses in the inner portion of the boundary layer were much lower
after successive distortions.When the Reynolds stresses, which in-
dicate the level of organized turbulent motions in a � ow, are small,
the reattaching shear layer should be more prone to pulsing and/or
� apping typesof motion, especiallynear the base. Second,due to the
spanwise vorticity promoted by the strip disturbance, it is expected
that pulsing or axisymmetric motions will again be larger near the
base. Such instability modes are not naturally enhanced in � ows
with such a large convective Mach number (»1.3 near the base;
Table 1) as the current � ow, and so this enhanced motion should be
quickly damped. Third, the circumferential vorticity generated by
the strip tab should help to enforce � ow symmetry. The back-and-
forth “sloshing” motions that were present in the no-tab case15 in
the recompression region (position C) and developing wake (posi-
tion E) are not expected to be as strongly organized in the strip-tab
results. These sloshing motions evident in the no-tab case were de-
termined to be an artifact of the either the wind-tunnel facility or a
slight scratch or defect on the blunt base and not truly a feature of
the � ow� eld. The strip disturbance should produce a much larger
perturbation than this artifact.

The resultsof the steadinessanalysisarepresentedin Figs. 10–12.
As expected, both area-based (Fig. 10) and centroidal motions
(Fig. 11) are 20–30% higher at position A for the strip-tab case.
Therefore, axisymmetric and low-order helical instability modes
are generated by the strip disturbance.This leads to an almost 50%
increase in apparent � apping motions seen in the side view at this
position (Fig. 12). These enhanced motions are quickly damped,
however, leading to dramatically lower levels of � uctuationsby po-
sition B, the second imaging position. From position B to the last
imaging position (position E), both area-based (Fig. 10) and cen-
troidal (Fig. 11) � uctuations remain at lower levels than are seen at
imaging position A. In the side view, the shear-layer motion indi-

Fig. 10 End-view area � uctuations seen in near wake of strip-tab
� ow� eld.

Fig. 11 End-view centroid motion seen in the near wake of strip-tab
� ow� eld.

Fig. 12 Side-view � apping motions seen in near wake of strip-tab
� ow� eld.

cates something slightly different (Fig. 12). The � apping motions
for the strip-tabbase are damped between positionsA and B but still
remain higher at position B than for the no-tab case. From position
B downstream to position E, the variation of the � apping motions
of the strip-tab case mirror those of the no-tab case, but are about
3–5% of the local shear-layer thickness larger. The difference can
be attributed to two factors. First, the area-based � uctuations seen
in Fig. 10 persist at a relatively high level throughout the recom-
pression (position C) and reattachment (position D) regions in the
strip-tab case. In the recompression and reattachment regions, the
area � uctuations (which contribute to evident side-view � apping)
are approximately twice as large for the strip-tab case as the no-tab
case. Second, the sloshing motions observed in the no-tab case at
positions C and E are not indicated in the side-view measurements
because they were based on the preferentialpassageof the turbulent
structures in the end view along the Z axis (Fig. 3), and the side-
view statisticsare basedon informationalong the Y axis. Therefore,
the statisticspresentedfor the no-tabside-view� apping motions are
slightly lower than the mean apparent radial � apping motions.

E. Spatial Correlation Analysis
A spatial correlation analysis technique is employed to estimate

the mean size, shape, and orientation of the turbulent structures
present in the shear layer. The images acquired in this study were
of relatively low intensity, occupying only 10% of the dynamic
range of the CCD. Therefore, an intensity-averaging technique24

was employed to increase the � delity of the statistics gathered from
the raw images. The dynamic range of each image frame has been
normalizedsuch that themean freestreamintensityvalueis the same,
and the mean background intensity is zero. For a more detailed
descriptionof this technique,see Ref. 24. This reduces the intensity
variations caused by variations in the seeding levels and laser sheet
intensity, thus reducing the noise level in the correlation � eld.

The spatial correlation � elds at all � ve imaging positions for the
strip-tab case are presented for the side view in Fig. 13. The frames
are oriented such that the horizontalaxis is parallel to the symmetry
line of the near wake, and the vertical side of each frame has a
lengthequal to one local shear-layerthickness.The featuresof these
contours are qualitatively similar to those of the no-tab case. In the
free shear layer, positions A and B, the turbulent structures (based,
as in previous studies, on the 0.5 correlation contour13;14/ occupy
approximatelyone-halfof the shear-layerthickness,and are inclined
at approximately 45 deg from the mean shear-layer direction. In
the recompression and reattachment regions, positions C and D,
the structures become strained, stretching well over a shear-layer
thicknessin lengthand rotatingto a shallowanglewith respectto the
shear layer. In the wake region, position E, the turbulent structures
relax back to a shape akin to those of the initial imaging positions.

Another feature, rotation of the interior contour levels with re-
spect to the outer contour, is also present in the correlation � elds
of the strip-disturbed case at positions B, C, and D. It has been
postulatedthat this rotationof the innercontoursoccurs in regionsof
the � ow where destabilizingin� uences act on the peripheriesof the
structures.23 In the no-tab case,14 inner-contourrotation is evidentat
positions B and C, whereas for the boattailed case,16 it was evident



2222 BOURDON AND DUTTON

Fig. 13 Side-view spatial correlation � elds at imaging positions A–E
for strip-tab case; contours are at 0.1 intervals from 0.5 to 0.9.

at positions C and D. The present results are, thus, consistent with
these previous � ndings.Lack of inner-contourrotationat positionB
for the boattailedafterbodywas attributedto theweakenedin� uence
of the adverse pressuregradient for this � ow geometry. Conversely,
the contourrotationevidentat the mean reattachmentpoint, position
D, for theboattailedafterbodywas attributedto the diminishedin� u-
ence of lateral streamline convergence (a stabilizing in� uence) due
to the longer reattachmentlength and higher base pressure.The cur-
rent strip-disturbed � ow� eld displays an increase in base pressure
that is less signi� cant than in the boattailed afterbody case. There-
fore, a hybrid situation exists; the recompression process is strong
enough to be evident here, leading to contour rotationat positionD.

The end-view spatial correlation � elds for imaging positions
A–E are presented in Fig. 14. The correlation contours are ori-
ented such that the freestream is at the top of the frame, while the
recirculation/wake core region is at the bottom, and � ow is out of
the page. Aside from imaging position A, the mean structure is
slightly elliptical, with the long axis pointing from the core � uid
region to the freestream. The mean structure at position A, how-
ever, displays a much different character. Because of the increased
� apping and/ or axisymmetric pulsing motions generated by the
strip disturbance (due to increased circumferential vorticity), the
mean structure occupies a circumferential span of approximately
two shear-layerthicknesses.The high convectiveMach numbernear
the base dictates that spanwise structures will not remain coherent

Fig. 14 End-view spatial correlation � elds for strip-tab case; contours
are at intervals of 0.1 from 0.5 to 0.9.

a)

b)

c)

Fig. 15 Side-view correlation statistics at imaging locations A–E for
strip-tab case and comparison with no-tab case.

and, thus, there is no trace of this spanwise dominance at position
B or further downstream.

Figure 15 presents the primary statisticalresultsof the correlation
analysis in the side-vieworientationfor both the strip-disturbedand
no-tab � ow� elds.14 The lengths of the major and minor axes of
the mean large-scale structures correspond to the symbols a and
b, respectively. The structure angle is de� ned as the angle of the
structure’s major axis a to the local shear-layerdirection.The results
arequalitativelysimilar for the two cases,especiallybeforethe mean
reattachmentpoint (x=Xr D 1).

In the initial portions of the developing shear layer, the mean
large-scale structures grow at a rate approximately equal to the
growth rate of the shear layer, while maintaining a relatively con-
stant eccentricityand rotatingdown toward the streamwiseaxis.The
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structure-anglenear the base (Fig. 15c) is actually slightly larger for
the strip-tab case than for the no-tab case. This is in contrast to the
side-view correlation results for the boattailed base � ow� eld,16 in
which the side-view structure angle is consistently lower than for
the no-tab case. For the boattailed afterbody, it was suggested that,
due to the decreased structure angle in this region, less interfacial
area was available for entrainment and mixing, leading to higher
base pressure and lower base drag. From the structure-angle mea-
surements presented here, it is seen that the mechanism causing
higher base pressure in the strip-tab case is slightly different. The
diversion of turbulent energy into enhanced � apping motions near
the base (Fig. 12), which does not actively promote mixing, may be
responsible for the higher base pressure in this case.

The � rst signi� cant deviationsin the side-viewcorrelationresults
presented for the no-tab and strip-tab results are seen at the mean
reattachment point. The mean structure size is substantially higher
for the strip-tabcase than for the no-tab case, and the mean structure
angle actually increases from the value in the recompressionregion,
rather than decreasing, as in the no-tab case. Both of these features
can be attributed to the proximity of the shear layer in this region
to the centerline (Table 1). In the no-tab case,14 the end-view core
area approachesa minimum valueof approximately12% of the base
area in this region. For the strip-tab case, the end-view core area at
the mean reattachment point is 23% of the base area. Because of
this, interactionacross the centerlineand axisymmetriccon� nement
effects are much less signi� cant for the strip-tab case. These effects
were deemed responsible for the rapid decrease in structure size in
the no-tab case, and so it is plausible that their diminished role in
the strip-tab base � ow accounts for this difference in size.

Statistical results from the end-view correlationanalysis are pre-
sented in Fig. 16. The most distinctive features of these results are

a)

b)

c)

Fig. 16 End-view correlation statistics at imaging locations A–E for
strip-tab case and comparison with no-tab case.

present at the � rst imaging location. Because of the axisymmetric
mode promoted by the strip disturbance, the correlation statistics
indicate that a large and eccentric mean structure, oriented along
the shear-layer circumference, is present at the � rst imaging posi-
tion (position A). Refer to Fig. 14. The axisymmetric disturbance
is quickly damped, however, and the dimensionlessmean structure
size approaches a constant value of about 0.65 at the remaining
measurement locations. This result is to be expected in a highly
compressible� ow� eld.Unlike incompressibleor weakly compress-
ible shear layers, the low-order helical and axisymmetric instability
modes no longer contain the most energy and decay faster than
higher-order modes.25 The structure size appears to be unaffected
by the adverse pressure gradient and reattachment processes at
positions C and D. The structure eccentricity stays approximately
constant (within measurement accuracy)and slightly above zero for
all imaging positions after the � rst.

The ratio of end-viewto side-viewmajor axes (Fig. 16c),which is
an indicator of the preferential organizationof the turbulence,23 in-
dicates that, after the � rst imaging position, the same trends are
apparent with and without the strip-tab disturbance. The initial
spanwise dominance of the structures for the strip-tab geometry
is quickly damped due to the high convective Mach number of the
shear layer. The strip tab results actually indicate a slightly smaller
circumferential-to-streamwise aspect ratio of the mean structures
for the strip-tab base for all imaging positions after the � rst. Also,
due to the diminished role that the adverse pressuregradient (due to
higher base pressure), streamlineconvergence,and cross-centerline
interaction have in the reattachment region, the turbulent structures
in this region tend to relax and “stand up” in relation to the local
� ow direction.

IV. Summary
This work demonstrates that axisymmetric sub-boundary-layer

surface disturbances can signi� cantly alter the mixing and drag
characteristics of the base region in a compressible, reattaching,
axisymmetric � ow. The disturbances accomplish this by altering
the turbulence structure in the base region.

Axisymmetric-strip disturbances are shown to enhance both ax-
isymmetric (area-based pulsing) and centroidal shear-layer motion
near the base, without signi� cantly altering the mean turbulence
structure evident in the side view. This symmetric motion enhance-
ment leads to a large, circumferentiallyeccentricend-viewstructure
at the � rst imaging position. Because of the large convective Mach
number in the near-wake region, this enhanced � apping motion,
and end-view mean structure shape is quickly damped. Because the
circumferentially oriented structures generated by the strip tab are
dampedso quickly, the base pressureactually increasesby up to 3%.

Interestingly, the presence of the axisymmetric sub-boundary-
layer disturbances had little effect on the turbulent structure statis-
tics at downstream imaging positions. Turbulent structure genera-
tion caused by the separation of the boundary layer from the base
and passage through the base corner expansion fan does not appear
to be in� uenced by the presence of the strip disturbances at these
locations.
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