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Effects of Boattailing on the Turbulence Structure
of a Compressible Base Flow

C. J. Bourdon¤ and J. C. Dutton†

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

The large-scale turbulent structures in the near wake of a boattailed, axisymmetric afterbody immersed in a
supersonic � ow are examined using a planar Mie/Rayleigh scattering visualization technique. Seven key regions
in the near wake are studied in both side- and end-view orientations. Estimates of the mean structure size, shape,
and inclination are made using spatial correlation analysis, and the effects of the turbulent structures’ passage are
measured via steadiness and convolution analysis techniques. The results indicate that base drag is decreased by
afterbody boattailing because the turbulent structures are generally less active in the separated � ow region, and,
as a result, shear-layer growth is suppressed. The latter result occurs because the large-scale turbulent structures
are further inclined down toward the mean � ow direction and tend to be organized more in the streamwise than
in the spanwise direction near the base.

Nomenclature
A = area
A, B, BC, = imaging positions
C , D, DE, E
a = major axis
b = minor axis
h = horizontal
M = Mach number
Mc = convectiveMach number
Re = Reynolds number
r = radius
x; y; z = cardinal axes
¯ = body surface angle
± = shear-layer thickness

Subscripts

base = property of the base
cen = relative to the end-view centroid
end = end view
local = local property
r = reattachment
side = side view

Superscript

0 = � uctuation

Introduction

T HE primary goal of this work is to characterize the nature and
structure of the organized turbulence present in the separated

� ow region immediately following the termination of a boattailed
afterbody in a supersonic � ow. A detailed schematic of the � ow is
given in Fig. 1. There are many features that complicate the nature
of the organizedturbulencein such a � ow. These include expansion
fans that form at both the boattail junction with the body and at the
base corner, recompression shocks that form as the separated shear
layer approaches the symmetry axis, and a strong recirculation re-
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gion located immediately adjacent to the base. It is because of the
interactionof these featureswith the organizedturbulencethat com-
puter modeling of such � ows is quite challenging.1;2 For this reason
it is critical that experimentalstudies continue to explorebase � ows
of various geometries and with different turbulencecharacteristics.

Great strides have been made in improving the drag characteris-
tics of missiles and projectiles by modifying the base geometry.3¡5

Boattailing, or introducinga constant body surface angle ¯ prior to
separation (Fig. 1), has been shown to signi� cantly increase base
pressure (and thus reduce base drag). Several researchers4;6;7 have
empirically established the effects of boattailing on base pressure
for varying boattail angles, Mach numbers, and Reynolds numbers.
A recent study by Herrin and Dutton8 has taken this research a step
further, using laser Doppler velocimetery(LDV) to characterize the
effects of boattailing on the near-wake velocity � eld. This study
showed that, in addition to reducing the overall base drag by 17%
for the current boattailedgeometry, the shear-layergrowth rate is re-
duced by 20%, and peak turbulence levels are signi� cantly reduced
(18% reduction in peak turbulent kinetic energy) compared to the
blunt-basecase.8;9 These authorsconcludedthat thedecreasedlevels
of turbulence in the preseparationboundary layer and the decreased
strengthof the expansionat separationcause these differences.Fur-
ther investigation10 has shown that, although decreased expansion
strength reduces the overall turbulence level in the shear layer, it
does not signi� cantly alter the “turbulence structure” downstream
of the expansion, i.e., the relative distribution of turbulence energy
between the Reynolds stress components is relatively unaffected.

LDV andhot-wireanemometryprovidecriticalinformationabout
the mean and rms velocities of a � ow, but the point-wise nature
of the measurements generally limits their ability to examine the
large-scale turbulence structure present in shear � ows. Essentially,
the passageof a large-scalestructureis indicated in the velocitydata
gatheredby these techniques,but rigorous informationabout the na-
ture of the turbulent structure itself is not. Particle image velocime-
try provides planar velocity measurements, but the complexities of
seeding a compressible, reattaching � ow are many and have pro-
hibited its past use in � ows of this type.11¡13 Thus, although these
techniques improve our understandingof base � ows, they are inca-
pable of visualizing and completely characterizing the turbulence
structure in the base region.

For these reasons � ow-visualization techniques are necessary to
obtain information about the coherent structures present in com-
pressible base � ows. Because both the gross � ow geometry and the
turbulence structure organizationare not planar in nature, any visu-
alization technique that is used must either yield three-dimensional
visualizations or illuminate multiple thin slices of the � ow� eld
to resolve the three-dimensional features of the turbulence. For
the thermodynamic conditions present in the current � ow facil-
ity, a planar Mie scattering visualization technique that relies on

534



BOURDON AND DUTTON 535

Fig. 1 Schematic of mean near-wake � ow� eld and imaging positions
behind boattailed afterbody.

the condensation of ethanol14 has proven its value in studying the
turbulent structures present.This planar Mie scattering technique is
used to visualizethe interfacebetween the freestreamand recircula-
tion/wake core � uids, and spatial correlation, steadiness, and shape
factor analyses are applied to images recorded at key locations in
the � ow� eld. From these analysis techniques information is gained
about the mean size, eccentricity, and orientation of the turbulent
eddies present in the shear layer; about the instantaneous position
and enclosed end-view area of the core � uid; and about the degree
of convolution of the freestream/core � uid interface.

Flow Facility
These experimentswere performedin the axisymmetricbase � ow

facility at the University of Illinois at Urbana—Champaign. The
mean freestreamMach number is 2.46, and the unit Reynolds num-
ber is 52£ 106 m¡1 . The freestream turbulence is quite low, less
than 1%. Physical support for the afterbody base model is provided
by a cylindrical sting that extends upstream through the nozzle to
avoid any � ow disturbances in the near wake. A more comprehen-
sive description of the facility is given in Ref. 9.

The boattail implemented in the current study (Fig. 1) has a coni-
cal shapewith a convergentangleof 5 deg in relationto the symmetry
axis. The boattailing occupies the last 31.75 mm of the afterbody
length or 1 base radius. This angle was chosen because it is near the
optimal boattail angle given for minimum afterbody drag at Mach
2.5 (Ref. 4).

Instrumentation and Procedure
A challengefacingthe currentexperimentswas to � nda technique

that allows direct visualizationof the large-scaleturbulentstructures
that contain and convect the turbulent energy in a boattail � ow. As
alreadymentioned,Mie scatteringfrom condensedethanol droplets
hasbeenapplied to accomplishthisgoal,as outlinedbyClemens and
Mungal.14 This techniquehasbeensuccessfullyappliedto otherbase
� ows.15¡19 The thermodynamic characteristics of ethanol dictate
that, given the stagnation conditions of the experimental facility,
the ethanol vapor seeded into the freestream will condense at a
Mach number above approximatelyunity.20 Thus, the interface that
is visualized separates the supersonic freestream from the subsonic
recirculation and wake core regions.

The ethanol is injected at 0.23% mass fraction well upstream of
the test section to ensurecompleteevaporationand uniformdistribu-
tion in the freestream.The ethanolrecondensesinto a � ne mist as the

Fig. 2 Mie scattering image acquisition system.

air� ow is accelerated through the supersonic converging-diverging
nozzle. The condensed ethanol droplet size has been estimated20 to
be approximately 0.05 ¹m, which is easily small enough to accu-
rately follow the � ow. A 200-¹m-thick laser sheet illuminates the
ethanol fog. The illumination is generated from a Nd:YAG laser
beam that is formed into a sheet by a series of beam-shapingoptics.
A 14-bit unintensi�ed charge-coupled device camera collects the
scattered light. Figure 2 containsa schematic of the data-acquisition
apparatus. Further information about the Mie scattering diagnostic
and the saturationcharacteristicsof ethanol can be found in Ref. 20.

From these images the mean size, shape, and eccentricity of the
large-scale turbulent images can be determined through the use of a
spatial correlation technique.18 Flapping motions of the shear layer
can also be determined,19 and the degree of convolutionor tortuous-
ness of the interface between the freestream and core � uid can be
examined.19;21 The latter feature is related to the “mixing potential”
between the recirculating and freestream � ows.

Results and Discussion
Overall Features

Instantaneous global composite images of the near-wake region
of the boattailedand blunt-basedafterbodiesare presented in Fig. 3.
When comparing these two images,18 several key differences are
apparent. The recompression shock system appears much weaker
in the boattail near-wake, such that individual shocks cause smaller
light intensity changes in the images, if they are apparent at all.
Because of the weaker recompression process in the boattail near-
wake, the interfacebetween the outer freestreamand inner core � uid
(i.e., the shear layer) demonstratesa smaller degreeof curvatureas it
realigns with the symmetry axis. This interface appears to be much
smoother in the present study than in the blunt-based near-wake
region as well, indicating that turbulent structures are less active in
the near-wake because of the afterbody boattail.

There are four distinct regions of interest in the near-wake � ow-
� eld: the postseparation shear layer (imaging positions A, B, and
BC in Fig. 1), the recompressionregion (C), the reattachmentregion
(D), and the trailingwake (DE and E). Each of these regions is char-
acterized by various in� uences on the properties and turbulence
structure of the shear layer. In the postseparation region the shear
layer is dominatedby velocity ratio and compressibilityeffects.The
convectiveMach number in this region is very high, nominally1.35
(Table 1), indicating that the turbulence structure is highly three-
dimensional and that interactionbetween the turbulent structures is
suppressed. As the moniker suggests, the recompression region is
characterized by an adverse pressure gradient, which is generated
as the shear layer is turned along the streamwise axis. In the reat-
tachment region the shear layer experiences the extra strain rates of
lateral streamline convergenceand concave streamline curvature as
it approaches the symmetry axis. In the developingwake region the
extra strain rates are relaxed, and the mean velocity along the cen-
terline increases, so that the convective Mach number falls below
0.6. Therefore, two-dimensional instability modes and increased
structure organizationoccur.

Seven locations have been chosen for image acquisition in the
boattail near-wake � ow� eld (Fig. 1, bottom). These locations were
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Table 1 Coordinates and � ow parameters at imaging positions for boattail � ow

Distance from Convective Mie scattering Mie scattering End-view
Imaging base corner, Mach number shear-layer shear-layer recirculation/wake
position Region mm Mc thickness ±Mie, mm angle, deg core area (Amean=Abase )

A Shear layer 19.1a 1.25 2.43 12.5 0.636
B Shear layer 38.1a 1.43 3.31 14.0 0.484
BC Shear layer 53.4a 1.36 3.49 12.5 0.254
C Recompression 76.3a 1.22 3.64 8.6 0.130
D Reattachment 89b 1.07 4.40 —— 0.154
DE Near wake 115.7b 0.67 6.04 —— 0.082
E Near wake 142.4b 0.42 7.58 —— 0.032

aMeasured from base corner. bMeasured along centerline.

Fig. 3 Instantaneous global composite images of boattailed (top) and
blunt-based (bottom) near-wake � ow� elds.

chosen to maximize understandingof the base � ow by highlighting
the varying in� uences in each region, as just described. Table 1
displaysgeneraldataabout the imaging locations,includingposition
in relation to the base, local convective Mach number, shear-layer
thickness, shear-layer angle in relation to the axis, and local end-
viewenclosedarea.The imagingpositionlabels(A, B,BC, etc.)have
beenassignedto correspondto the labelsof past imagingstudies.15;18

Ensemblesof approximately500 images have been gatheredat each
imaging location in both side and end views. Ensembles of this size
have been shown to be suf� cient to produce stable statistics from
the spatial correlation analysis.15

The general shape and orientation of the turbulent structures
foundalong the freestream/core interfacehavebeen establishedpre-
viously for both planar15 and axisymmetric18 compressible, recir-
culating � ows behind blunt-basedafterbodies.The general features
of the turbulent structures in the current boattail � ow� eld are qual-
itatively similar to earlier results: stringy, � lamentlike structures in
the side view, and ejection-typemushroom shapes in the end view.
The side-view structures, as seen in preceding � ows, are elliptical
and/or polygonaland inclined toward the local � ow direction.Sam-
ple instantaneousside- and end-viewimages are presented in Figs. 4
and 5 in the free shear layer (position B), reattachment (position
D), and developing wake (position E) locations in the near wake.
The primary differencebetween these and the precedingblunt-base
image sets is the level of activity apparent in the images. Smaller-
scale structures are much less visible for the boattail � ow, and the
largest scales presentare much less strainedand “violent” in appear-
ance.The velocitymeasurementsof Herrin and Dutton8 support this
conclusion with observations that the turbulent kinetic energy and
shear-layer growth rate are substantially suppressed as a result of
afterbody boattailing.

Shape Factor Analysis
The shape factor, a measure of the shear-layerconvolutionor tor-

tuousness, is de� ned as the actual interface length in a given image
divided by the corresponding minimum interface length (straight
line in side views, circle in end views). The shape factor is slightly
lowerat all imaginglocations(Fig.6) in theboattailedafterbodycase
than in the blunt-base case in the side view, supporting the observa-

Fig. 4 Instantaneous side-view images from position B in the devel-
oping shear-layer region (a, b), position D in the reattachment region
(c, d), and position E in the developing wake (e, f).

tion of less turbulence activity. In the end-view orientation (Fig. 7)
both axisymmetric geometries possess roughly equal shape factors
at all imaging locations,except in the trailing wake. Clearly, the in-
sensitivity of the end-view shape factor to base geometry suggests
that boattailingmore signi� cantly affects the streamwise turbulence
structure than the circumferential (spanwise) structure seen in the
end views. In agreementwith this observation,it has been shown via
LDV measurements8 that the streamwise Reynolds normal stress is
much more profoundlyaffectedby the strengthof the corner expan-
sion, which is different for the blunt-base and boattail cases, than is
the transverse normal stress.

Figure 8 presentsa comparisonof the numberof large-scalestruc-
tures visible,on average,at each end-viewimaging locationbetween
the boattailed and blunt-basedafterbodynear-wake � ow� elds. This
� gure shows that in the initial stages of the shear layer, where it has
not yet reached self-similar conditions,22 there are approximately
20% more structures for the boattail case than for the blunt-base
case. When the shear-layer thickness data of Table 1 are compared
with the blunt-base data,18 the shear-layer growth rate is found to
be much lower for the boattail, just as found from LDV velocity
data.8 This result shows that there is less entrainment of � uid from
the base region (and freestream) into the boattail shear layer, despite
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Fig. 5 Instantaneous end-view images from position B in the devel-
oping shear-layer region (a, b), position D in the reattachment region
(c, d), and position E in the developing wake (e, f).

Fig. 6 Side-view shape factor for boattailed and blunt-based cases.
Vertical bars denote rms shape factor values (i.e., one standard
deviation).

the presence of a larger number of end-view turbulent structures. In
turn, this reduced entrainment results in a higher base pressure (and
lower base drag) for the boattailed afterbody.8

Shear-Layer Steadiness Analysis
The steadiness characteristics of the shear layer can be deduced

from instantaneous images by monitoring the location of the inter-
face between the freestream and core � uids. The interface is desig-
nated here as the location where the scattered light intensity drops
to 20% of the peak value seen in the shear layer. 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 nominallya circular,closedcurve.Becauseof this,
both pulsing (or expansion/contraction) and � apping (or centroidal)
motions can be described.

Figure 9 is a plot of the area-based � uctuations (normalized by
the localmean area) seen in the end views of both the boattailed and

Fig. 7 End-view shape factor for boattailed and blunt-based cases.
Vertical bars denote rms shape factor values (i.e., one standard
deviation).

Fig. 8 Number of structures visible in the end-view orientation for
boattailed and blunt-based cases. Vertical bars denote rms structure
values (i.e., one standard deviation).

Fig. 9 RMS end-view area � uctuations normalized by the local mean
end-view area. Vertical bars denote the statistical uncertainty of the
measurements.

blunt-based � ow geometries. Prior to the mean reattachmentpoint,
the area-based� uctuationsare a relativelyconstantpercentageof the
local mean end-viewarea, approximately4% for the boattailedgeo-
metry. This value is less than that seen in the blunt-basedgeometry
at all but the positionclosest to the base.The lower level of end-view
� uctuations in the boattail case suggests that the boattail expansion
one base radius upstream of the base corner can reorient turbulence
into axisymmetric modes that are quickly damped at downstream
positions as a result of the high convective Mach number in this
region. In agreementwith this hypothesis,Herrin and Dutton10 have
shown that the overall turbulence level near the base is much lower
in the boattail case than in the blunt-base case. They also indicate
that the peak transverse Reynolds normal stress is initially higher
for the boattail than the blunt-base case, but is quickly diminished
to levels lower than for the blunt base slightly downstream. In a
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similar vein several studies indicate that, as the convective Mach
number increases above 0.6 for planar shear layers, the spanwise
two-dimensional organization of the large-scale structures breaks
down in favor of three-dimensional instability modes,14;23¡27 and
the overall turbulence level decreases.28;29

In the developing wake the area-based � uctuations become sig-
ni� cantly larger than prior to the mean reattachment point, caused
primarily by the increasing role that the passage of a single struc-
ture has on the total core � uid area.19 At the last imaging location
(position E), Fig. 9 shows that the area � uctuationsare signi� cantly
larger for the boattail geometry than the blunt-based geometry, but
this result is slightly misleading. The local area of the wake core
is signi� cantly smaller in the boattail case than in the blunt-base
case. Therefore, much smaller area � uctuations are necessary in
the boattail case to provide large variations in A0

RMS=Alocal . When
normalizedby the base area (constant), for instance, the area � uctu-
ations are approximatelyfour times smaller in the boattail case than
in the blunt-based case.

Boattailing seems to dramatically decrease apparent end-view
� apping motions, as demonstrated in Fig. 10 where the rms cen-
troid position in the end views is plotted vs downstream position.
Flappingmotionsincreasemonotonicallywith downstreamdistance
in the boattail � ow� eld, unlike the � apping motions seen in pla-
nar (not shown) and axisymmetric blunt-based � ow� elds. The en-
hanced � apping seen in the recompression (position C) and wake-
development regions (position E) caused by “sloshing” motion19

for the blunt base is also missing in the boattail geometry.By view-
ing scatter plots of the instantaneous core � uid centroid location
at these two positions (Fig. 11), it is apparent that such horizontal
motions are not present in the boattail base � ow� eld. In contrast
to the blunt-basegeometry, the instantaneouscentroid positions for
the boattailedafterbodyare roughly equally likely in any of the four

Fig. 10 RMS end-view centroid position � uctuations for boattailed
and blunt-based cases. Vertical bars denote the statistical uncertainty
of the measurements.

Fig. 11 End-view centroid positions at locations C and E in boattailed
and blunt-based afterbody near-wake � ow� elds.

Fig. 12 RMS side-view shear layer position for boattailed and blunt-
based afterbodynear-wake � ow� elds. Vertical bars denote the statistical
uncertainty of the measurements.

quadrants. In the blunt-base case the sloshing motion was linked
to asymmetry in the organization of the large-scale structures at
imaging locations C and E, which can be caused by the strong ad-
verse pressuregradient(positionC) and to the low convectiveMach
number (position E) present at these locations. The weaker recom-
pression region in the current boattail � ow con� guration may have
preventedsucha phenomenonfromoccurringat positionC, whereas
the upstreamdisappearanceof thisphenomenonmay prevent it from
occurring in the wake region.

The rms magnitudeof � apping motions (when normalizedby the
local shear-layer thickness) in the boattail geometry appears to be
very similar to that for the blunt-basedgeometry when viewed from
the side (Fig. 12). Key differencesare evidentnear the base (position
A) and at the mean reattachment point (position D) where the � ap-
ping motions correspond to a signi� cantly larger percentage of the
local shear-layerthicknessfor theboattail than for the blunt base. In-
creased side-view� apping motionsnear the base are consistentwith
the enhanced area-based � uctuations seen in the end views (Fig. 9).
At the mean reattachmentpoint the side-view� appingenhancement
is most likely linked to the much smaller shear-layer thickness and
proximity of the freestream/core interface to the symmetry axis for
the boattail geometry. These factors enhance the sensitivity of the
measurements to the passage of individual parcels of � uid from the
base region into the developing wake.

Spatial Correlation Analysis
A spatial autocorrelation analysis technique, similar to that de-

scribed by Messersmith and Dutton26 and Smith and Dutton,15 has
been applied to large ensembles of images, such as those presented
in Figs. 4 and 5. Objective information about the mean structure
size, shape, and orientation can be gleaned from such an analysis,
while limiting the subjectivenessof personalbias. Ensembles of ap-
proximately 500 images have been used in the spatial correlation
analysis at each imaging position and for each orientation.The 0.5-
correlationcontour (where the central peak is normalized to a value
of 1.0) has been previouslyestablishedas the basis for determining
the mean structure’s characteristics.15;16;18;19;26

Figure 13 displayscontourplotsof the side-viewcorrelation� elds
obtained at all seven imaging positions examined in this study. The
image frames are sized such that the length of the vertical edge of
the frame is approximately equal to the local shear-layer thickness.
The contour levels have been chosen so that the outer contour is
the 0.5 level, and successive contours increase in 0.1 intervals. All
of the contour plots in this � gure are oriented such that the local
streamwise � ow direction is horizontal and from left to right with
the high-speed freestream on top. As seen in other related com-
pressible shear � ows,15;18;26 the average structures are elliptical in
shape and inclined toward the local � ow direction. Prior to the re-
compression region, position C, the structures remain essentially
“frozen,” changing relatively little in size, shape, and orientation.
The recompressionprocess dramaticallystrains the structuresin the
streamwise direction, making the mean structures elongate and dip
downward toward the local streamwise direction, much as seen in
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Fig. 13 Side-viewcorrelation � elds for all imaginglocations.Contours
are at 0.1 intervals from 0.5 to 0.9.

previous studies15;18 of planar and axisymmetric blunt-base reat-
taching � ows, respectively. In the developing wake (positions DE
and E) the mean structures diminish in size and become less ec-
centric as the adversepressure gradientvanishes and the convective
Mach number decreases.

Another signi� cant feature of the correlation � eld seen in pre-
vious studies15;18 is the behavior of the angular orientation of
the inner (higher correlation level) contours. Smith and Dutton15

found that the inner contours tend to be rotated with respect to
the 0.5 contour level in regions of the � ow where adverse pres-
sure gradients (destabilizing in� uence) act on the structures. They
observed that contour rotation of this type occurs in the recom-
pression (position C) and reattachment (position D) regions of a
planar, reattaching base � ow. Bourdon and Dutton18 found simi-
lar results in their axisymmetric blunt-based reattaching � ow, but
further upstream in the trailing portion of the free shear-layer re-
gion (position B) and in the recompression region (position C),
although not at the mean reattachment point. The absence of con-
tour rotation at the mean reattachment point, where there is def-
initely an adverse pressure gradient, was attributed to the cancel-
lation effect of lateral streamline convergence (stabilizing), which
is present in the axisymmetric reattachment process but not in the
planar reattachment process. Interestingly, in the present boattailed
� ow contour rotation is evident in the recompression and reat-
tachment regions (positions C and D), but not farther upstream.
The apparent similarity of these results to the planar (and not the
blunt-based axisymmetric) geometries is explained by the weak-
ened recompression process (higher base pressure) and elongated
recirculationregion caused by afterbody boattailing.The weakened
recompression process limits the region over which the strong ad-
verse pressure gradient acts. Thus, inner contour rotation is not
evident at positions B or BC in the developing shear layer. The
presence of contour rotation at the mean reattachment point (po-
sition D) indicates that, because of the decreased curvature of
the streamlines in the vicinity of the mean reattachment point
(as a result of the weakened recompression process and longer
reattachment length), lateral streamline convergence effects are

Fig. 14 End-view spatial correlation � elds for imaging locations B–E.
Contours are at 0.1 intervals from 0.5 to 0.9.

much weaker in the boattail geometry than in the blunt-based
geometry.

The end-view correlation � elds for positions B-E are presented
in Fig. 14. These correlation contours are averages of spatial corre-
lation � elds computed with basis points located in the shear layer
every90 deg aroundits circumference.By doing this, theeffectsthat
can be causedby imperfectionsin the geometric transformationnec-
essary to analyze the images as true end views can be limited. The
correlation contours in Fig. 14 are oriented such that the recircula-
tion/wake core region is at the bottom of the image frame, and the
freestreamis at the top. As in the axisymmetricblunt-basedstudy,18

the contours exhibit a wedge-like shape, with a slightly longer hor-
izontal edge on the upper side than on the lower (most obvious at
position BC). This is caused by axisymmetric con� nement effects
as the shear layer approaches the axis of symmetry.

The primary statistical results of the spatial correlation analysis
of the images are presented in Figs. 15 and 16. All of the statis-
tics presented herein correspond to the 0.5 correlation contours.
There are some very critical differences between the boattail and
blunt-base cases in the behaviorof the average structures in the free
shear-layer region near the base. The � rst of these is that the av-
erage structure at the � rst imaging location is much more inclined
downward toward the local streamwise axis for the boattail: 35 vs
43 deg (Fig. 15c). Past researchers15 have postulated that decreased
structure angle is an indication of lower entrainment and mixing in
the shear layer, which is consistent with the boattail’s higher base
pressure. The side-viewcorrelation contours and instantaneous im-
ages of the structures also suggest that very little new generation
or evolution of turbulent structures occurs in this region. Both the
structure size (when normalized by the local shear-layer thickness)
and angle remain virtually constant through the � rst two imaging
positions for the boattail case, Figs. 15a and 15c.

The only statistic that does change signi� cantly for the boat-
tail geometry near the base is the end-view structure eccentricity
(Fig. 16b). The angle of inclination of the shear layer with re-
spect to the symmetry axis is lower for the boattail geometry than
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a)

b)

c)

Fig. 15 Side-view correlation statistics at imaging locations A–E and
for bothboattailedand blunt-basedafterbodynear-wake � ow� elds. Ver-
tical bars denote the statistical uncertainty of the respective measure-
ments.

the blunt-based geometry as a result of the elongated recirculation
region. The elongated recirculation region also indicates that cir-
cumferential constrictioneffects are weaker, allowing the turbulent
structures to acquire a more rounded, less eccentric shape in the end
view.

LDV data10 show that the peak normal stress anisotropy ratio
is much higher initially in the blunt-base case than in the boat-
tail case. As the shear layer develops toward a self-similar state,
the peak normal stress values become approximately equal in the
two � ows. By examining the major axis ratio aend=aside (Fig. 16c),
which can be used as a measure of the orientation of the dominant
turbulenceorganization, the same trend is visible. Larger axis ratio
values suggesta dominancein structureorganizationin the spanwise
direction,15 which also suggests the dominance of engulfment pro-
cesses. Therefore, the boattailed afterbody inhibits the generation
of engulfment-typemotions in the initial portionsof the shear layer.
Further downstreamof the base, where entrainmentof recirculating
� uid diminishes,8 the major axis ratio for both axisymmetric cases
and for a planar reattaching � ow15 all drop below unity, implying a
dominance of structure organization in the streamwise direction.

In the recompression region (position C) the similarity between
the behavior of the boattail and blunt-base � ows is increased. The
major axis ratio at the measurement location in this region, as well
as at reattachment, is virtually identical for the two axisymmetric
geometries, indicating similar organization of the turbulence � eld.
In fact, in the recompression region all three studies (planar and
axisymmetric)providevirtuallyidenticalresults,despitedifferences

a)

b)

c)

Fig. 16 End-view correlation statistics at imaging locations A–E and
for bothboattailedand blunt-basedafterbodynear-wake � ow� elds. Ver-
tical bars denote the statistical uncertainty of the respective measure-
ments.

in behavior farther upstream.The similar behaviorof all three cases
in the recompression region suggests that the effects of the adverse
pressure gradient unify the behavior of the large-scale turbulent
structures regardless of the geometry.

As the � ow approaches the mean reattachment point, important
differencesare again seen in the results of the different geometries.
Streamline convergenceand axisymmetriccon� nement effects dic-
tate a heightenedorganizationin the end view of the blunt-baseand
boattailgeometries(slightlyincreasingaend=aside , Fig. 16c), whereas
in the planar case,15 which is not subject to such effects, the struc-
ture organization continues to shift to streamwise (i.e., side-view)
dominance. Both the blunt-base and boattailed axisymmetric cases
indicatepeaks in the side-viewstructure size prior to the mean reat-
tachment point, Fig. 15a. The similarity of the side-view structure
size measurements at imaging locations C and D (in the recom-
pression and reattachment regions, respectively) for the boattailed
afterbody suggests that the peak value may lie somewhere between
these two points.This correlateswell with LDV data in this region,8

which do not show a dramatic drop-off in the peak axial Reynolds
normal stress until just before the mean reattachment point. This
drop-off occurs earlier in the blunt-based axisymmetric case.9 The
mean side-viewstructure angle, Fig. 15c, is also dramatically lower
(50%) at reattachment for the boattail case than in both the planar
and axisymmetric blunt-based cases, again implying lower entrain-
ment of recirculation region � uid and higher base pressure for the
boattail geometry.
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Because of the relative weakness of the recompression and reat-
tachment processes, some other noteworthy differences are present
at the mean reattachment point caused by boattailing. The � rst of
these is that the end-view structure size (Fig. 16a) is a maximum at
the mean reattachmentpoint, while it decreases from upstream val-
ues for both the planar and axisymmetric blunt-based geometries.
A second observation is that the side-view structure eccentricity
(Fig. 15b) is relatively constant throughout the recompression and
reattachment processes for the boattail case, while peaking in the
recompression region for the axisymmetric blunt-based case.

In the developing wake region the lower entrainment levels
present downstream dictate that the shear layer is much thinner
and the wake core area is much smaller in the boattail case than in
the blunt-based case. The lower shear-layer thickness and smaller
wake core area imply that, because the same number of structures
is present in this region (Fig. 8) the turbulent structures occupy a
larger percentageof the shear layer and core regions in the end view
of the boattail geometry in the near wake. This spatial constraint, in
turn, causes the structures to “sit up” more in the side view, leading
to increased structure angle (Fig. 15c).

Conclusions
There are several key differences in the behavior of the turbulent

structures present in blunt-based and boattailed axisymmetric su-
personic base � ows. The most prominent of these are in the initial
shear layer formed immediately after separation. First, 20% more
structures are visible in the end view near separation for the boat-
tail case, and the structures are larger and more inclined downward
toward the local � ow direction in the side view. These factors indi-
cate lower entrainment rates and thus higher base pressure.Second,
boattailingcausesa weakeningof thepreferentialorganizationof the
large-scale structures toward the end view immediately after sepa-
ration. This organizationalweakening in the end view indicates that
ejection-type end-view motions are less prevalent, another indica-
tion of lower entrainment rates and higher base pressure. Third, de-
spite differencesseen upstream, the recompressionprocess displays
remarkably similar spatial correlation results for the planar, boat-
tailed, and blunt-based axisymmetric geometries. This similarity in
the recompression region suggests that in the absence of the strong
in� uences of other extra rates of strain the adverse pressure gradi-
ent causes similar large-structure behavior regardless of upstream
conditions.Fourth, the weakenedrecompressionprocessin the boat-
tail base � ow� eld leads to a larger streamline radius of curvature
in the vicinity of the mean reattachment point (position D) and di-
minished streamline convergence strain-rate effects. The weakened
recompression effects are evident in the side view as enhanced rms
shear-layerposition (� apping) and structure size in the boattail base
case over the blunt-basecase. In the endview the lowered streamline
convergenceeffects lead to a peak structuresize at reattachment,po-
sition D, for the boattail case. Fifth, in the developing wake region
(positions DE and E), evidence remains of the differences in the
upstream dynamics of the blunt base and boattail geometries. For
instance, in the side view, the mean turbulent structures maintain
a larger angle with respect to the symmetry axis in the developing
wake becauseof spatial limitationsplacedon the structuresby lower
entrainment in the separated � ow region (positions A–C).
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