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The velocity � eld in the base region of a circular cylinder with a length-to-radius ratio of 3.0 aligned at a
10-deg angle of attack to a nominal Mach 2.5 freestream has been investigated experimentally. The objective
is to better understand the mechanisms that govern the characteristics and development of three-dimensional,
compressible base � ows. Laser Doppler velocimetry was used to measure both mean velocity components and
turbulence statistics. The results reveal all expected base � ow features, including a low-speed recirculation region,
a separated shear layer, a reattachmentregion,and a trailingwake.The distance fromthe baseto therear stagnation
point in this three-dimensional base � ow is reduced by 55% as compared to the corresponding axisymmetric base
� ow. The shear layer in the leeward region of the � ow turns sharply toward the radial centerline, resulting in a
shift of the � ow stagnation location toward the windward side of the base � ow. In addition, the shear layer in the
leeward plane thickens at a substantially faster rate than in either the windward or side planes. The turbulent
stresses in the windward region of the shear layer are larger in magnitude than observed in either the leeward or
side regions. The peak stresses measured in this three-dimensionalbase � ow are located in the reattachment region,
in direct contrast to axisymmetric results, where peak stresses were measured in the shear layer just upstream of
reattachment.

Nomenclature
k = turbulent kinetic energy
L = projectile length
M = Mach number
P = turbulence production
R = base radius
r = radial coordinate
V = mean velocity
v = instantaneousvelocity
x = axial coordinate
® = angle of attack
Á = circumferential coordinate
h i = ensemble average

Subscripts

r = radial component
rev = reverse direction (upstream toward base surface)
stag = stagnation location
x = axial component
Á = circumferential component
1 = freestream condition

Superscript

0 = � uctuation from the mean value
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Introduction

A COMPRESSIBLE base � ow is generated in the near-wake re-
gion of various cylindrical slender bodies in supersonic � ight,

includingmissiles, rockets,and projectiles.The behaviorof the � ow
in the base region is critical in determining the overall drag on the
body. The � ow structure in the base region of axisymmetric bod-
ies in supersonic � ight at zero angle of attack has been extensively
investigated both experimentally and numerically throughout the
past two decades.1¡8 Although the numerous � ow features present
in axisymmetric compressible base � ows have presented substan-
tial challenges in the efforts to understand the � ow physics in the
near-wake region, additional complexities are created when these
aerodynamicbodiesare inclinedto nonzeroangleof attack.Some of
these additional factors include three dimensionality in the bound-
ary layerprior to separation,the resultingcircumferential� ow in the
boundary layer and in the base region and the potential for leeside
separationvortex development.As a result of these additional com-
plexities,only a few researchershave successfullyobtained reliable
experimental results in three-dimensional,compressiblebase � ows.

To date, experimental efforts in three-dimensionalcompressible
base � ows have been restricted to measurementsof base pressure to
provide base-drag information for missile and projectile designers.
Even these experimental efforts have been hindered by the sensi-
tivity of base pressure to any support-interferenceeffects present in
the � ow. In a review of compressiblebase-pressuredata at angle of
attack, Lamb and Oberkampf9 found only two experimentalstudies
that were free from support-interferenceeffects.10;11 Although both
these studies provide excellent pressure measurements at the base
surface, no detailed description of the base-� ow structure is pre-
sented. Berner and Wey12 were able to map the velocity � eld suc-
cessfully in a three-dimensional base � ow using three-component
laserDopplervelocimetry(LDV), but resultswere obtainedonly for
subsonic approach velocities,which do not recreate the wave struc-
ture present in supersonicbase � ows. To date, no detailed � ow� eld
measurements have been completed to determine the � uid dynamic
processesthat control the behaviorof a supersonicbase � ow at angle
of attack.

This lack of detailed experimental � ow� eld data has hindered
the efforts of researchers to validate computational models used
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in predicting base-� ow characteristics. Himeno et al.13 computed
a number of wake � ow� elds, including a three-dimensional base
� ow, but only for the case of a subsonic approach velocity. Using
the three-dimensional thin-layer Navier–Stokes equations with the
Baldwin–Lomax turbulence model, Sahu14 extended his research
on axisymmetric compressible base � ows to investigate angle-of-
attack effects in the transonic � ow regime. However, no experimen-
tal results were available for comparison of the base-� ow structure.
Clearly,detailedexperimentaldata in the base regionof a cylindrical
body inclined at nonzero angle of attack to a supersonic freestream
are needed not only to understand the complex � ow physics in this
region, but also to provide a basis of comparison for improvement
of future computational models of this � ow. Interest in this inves-
tigation is by no means limited to the base-� ow community alone,
however, because this three-dimensional, turbulent, compressible
� ow provides a robust test case for the development and validation
of turbulence models for use in compressible separated � ows.

The current investigation seeks to provide detailed velocity data
within the base region of a front sting-supported cylindrical after-
body inclined at 10-deg angle of attack to a Mach 2.45 freestream
� ow. Previously, this experimental facility has been used to visu-
alize the base � ow� eld, measure the afterbody and base-surface
pressure � eld, and measure the mean velocity and turbulence � elds
in the three-dimensionalcompressible boundary layer on the after-
body before separation.15;16 The current investigation supplements
this previous work with two-dimensional LDV measurements to
determine both the mean-� ow structure and turbulence statistics
throughout the base region. A detailed analysis of these velocity
results is performed to describe the � ow physics that govern this
complex, three-dimensional,separated� ow interaction.In addition,
the results are compared to the axisymmetric results of Herrin and
Dutton2;3;17 to determinethe effectsof threedimensionalityon base-
� ow development.

Experimental Facilities and Procedures
The current experiments were conducted in a supersonic,

blowdown-type wind tunnel designed speci� cally for the study of
cylindricalbase � ows. For the currentexperimentalconditions,with
a stagnation pressure of 565 kPa and stagnation temperature of
300 K, the converging–diverging (C–D) nozzle of the facility pro-
vides an axisymmetric � ow with a nominal freestream Mach num-
ber of 2.45 (at a unit Reynolds number of 56 £ 106 m¡1) as the
� ow passes into the test section. The facility compressor system
allows for a maximum tunnel run time of 45 s at steady-state oper-
ating conditions.Windows in the test section provideoptical access
to the near wake from three sides to allow for nonintrusive laser-
diagnostic measurements and � ow visualizations. To prevent � ow
interference from the nozzle boundary layer on the region of inter-

Fig. 1 Schematic of angle-of-attack afterbody and coordinate system.

est, pressure was monitored at the nozzle exit and in the test cell to
verify thatmeasurementswere completedonlywhen thesepressures
were matched. This pressure match results in in� nitesimally weak
waves that propagate from the nozzle exit, but do not impinge on
the region of measurements. A complete description of the facility
is included in Ref. 2.

A schematic of the angle-of-attackafterbody during run-on con-
ditions is included in Fig. 1. The afterbodyis connectedvia internal
threads to a cylindrical sting that runs upstream along the tunnel
centerline into the stagnationchamber, allowing for boundary-layer
growth throughoutthe accelerationto supersonicspeeds in the C–D
nozzle. The sting is supported far upstream of the C–D nozzle to
prevent interference effects from entering the measurement region.
Oberkampf and Bartel18 determined that forebody geometry does
not signi� cantly affect leeside vortex development along slender
cylinders inclined at angle of attack in supersonic � ow. As a result,
the � ow� eld developmentalong this cylindricalafterbodyshouldbe
qualitativelysimilar to thatpresentona projectilein free � ight.How-
ever, the geometry of a front sting support by no means accurately
re� ects the forebody of a supersonic projectile. Despite the minor
effect of forebodygeometry,the resultspresentedsubsequentlycan-
not necessarilybe expected to match results precisely that would be
obtained for a projectile under identical free-� ight conditions with
a more realistic forebody geometry. However, the results do pro-
vide fundamental, interference-free insight into the mean � ow and
turbulencecharacteristicsof a three-dimensionalcompressiblebase
� ow.

The cylindrical afterbody has a length-to-radius ratio of 3.0 and
is inclinedat a 10-deg angle of attack relative to the freestream� ow.
Previous investigations15;16 revealed that no � ow separation occurs
in the leewardboundarylayerof this afterbody.A cylindricalcoordi-
natesystemis used throughoutthis investigationthat is alignedalong
the normal to the base surface with positive axial x values oriented
in the downstream direction. Radial distance r is measured from
the base center. To prevent a discontinuity in the de� nition of the
positive radial direction at the centerline for this three-dimensional
� ow, positive radial values are oriented in the leeward direction,
and negative radial values are oriented in the windward direction,
as shown in Fig. 1. Circumferential angle Á is measured from 0 deg
on the windward surface to 180 deg on the leeward surface of the
afterbody in a clockwise direction as observed from upstream.

A conventionaltwo-componentdual-beamLDV systemwas used
in these experiments that was identical to that used in a previous in-
vestigationof the three-dimensionalboundarylayeron theafterbody
surface.16 Green (514.5-nm) and blue (488-nm) laser beams were
generated by separating a 7-W argon-ion laser beam in a disper-
sion prism. The two beams were then split and converged to form a
four-beam probe volume that was 165 ¹m in diameter, with fringe
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spacings of 14.5 and 13.6 ¹m for the green and blue beams, respec-
tively.Bragg cellswere addedto the opticalsystemso that a 40-MHz
frequency shift was generated in the downstreambeam of each pair.
This frequencyshift is needed to reduce fringe biasing and discrim-
inate reverse velocities in this highly three-dimensional � ow� eld.
To reduce the possibility of fringe blindness, the beam pairs were
also rotated to §45 deg from the incoming freestream � ow direc-
tion. Once scattered by seed particles passing through the probe
volume, the intensity of the laser light was collected at a 20-deg
off-axis forward-scatter location, resulting in an effective probe-
volume length of 730 ¹m. The light intensity was � rst converted to
an analog voltage by two photomultiplier tubes. This voltage sig-
nal was then converted into the corresponding � ow velocity using
a TSI IFA-750 autocorrelation processor. The velocity data output
from the IFA were collected using an Intel Celeron-based Personal
Computer for postprocessingand analysis.The LDV probe volume
was positioned through use of a three-axis, computer-controlled
traverse system with a spatial resolution of §1.5 ¹m in all three
directions.

The majority of the seeding for the LDV measurements was pro-
vided by a six-jet atomizer that supplied silicone oil droplets to the
� ow through three tubes located downstream of the � ow condition-
ing section and separated by 120 deg circumferentially.However, a
lack of freestream� uid mixing into the recirculationregion resulted
in an inadequateseed level and low data collectionrates in the recir-
culation region. To increase the data rates in this region, additional
silicone-dropletseedingwas implementedvia injectionat extremely
low � ow rates through 17 separate 0.64-mm-diam holes (actually,
pressure taps) on the base surface. One hole is located at the base
center, and an additional four holes are separated by 6.35 mm each
on the Á D ¡90, 0, 90, and 180 deg radii. The velocity perturba-
tions created by the injection jets were small and only observable
very near the base in the low-turbulence recirculationregion. From
measurements performed immediately downstream of the seeding
jets, the perturbationsappear to persist less than approximately 8%
of one base radius downstream of the base surface, which suggests
that the injection in� uences only a small portionof the recirculation
region in the � ow. To further prevent the in� uence of the seed jets
in the region of measurement, seeding holes in the plane of mea-
surement were sealed during data acquisition. This base seeding
provided an approximate injection parameter of I D 5:73 £ 10¡5,
where I is the ratio of the injected mass � ow rate to the freestream
mass � ux times the base area. This value is more than 250 times
smaller than the injectionparameter that resulted in peak base pres-
sure for an axisymmetric base-bleed � ow in a previous experiment
in this facility.19 In addition, the base injection resulted in only a
1% increase in base pressure, so that this injected seeding � uid has
only a very minor in� uence on the base � ow� eld. The seeding sys-
tem produces droplets with a mean diameter of 0.8 ¹m, which has
been shown to be suf� ciently small to follow the high-frequency
turbulent � uctuations in this � ow.20

For the current investigation, a series of radial pro� les of mean
velocity and turbulence statistics has been measured, with the mea-
surementsconcentratedin the Á D 0=180 and ¡90=90 deg planes,as

Fig. 2 LDV measurement locations in the current investigation.

seen in Fig. 2. In the Á D ¡90=90-deg planes, additional measure-
ments were extended 5 mm beyond the symmetry plane to verify
optical alignment and the expectedpresenceof the symmetry plane.
Variations in mean velocity and velocity � uctuationsremained con-
sistently below 1% of the freestream velocity across the symmetry
plane. Between 60 and 100 spatial locations are included in each
radial traverse, with 4000 individual velocity realizations stored at
each spatial location for the computation of turbulence statistics.
Depending on the quantity of seed transported in the � ow, sam-
pling times at each spatial location varied from 1 s in the approach
freestream to 35 s near the base in the recirculation region of the
� ow. An interarrival time weighting scheme has been used to treat
the effects of velocity bias on the data. This method been shown to
serve as an effective velocity debiasing tool in compressible shear
� ows.21 With this two-component LDV optical arrangement, both
the streamwise and radial components of the mean velocity can
be measured simultaneously, but no measurements of the circum-
ferential velocity component (which has a zero mean value in the
Á D 0=180 deg plane) can be obtained. For the current investiga-
tion, worst case mean velocity uncertaintiesare estimated as 1.73%
V1 and 1.75% V1 for the axial and radial components, respec-
tively. In addition, both axial and radial Reynolds normal stresses
hv 0 2

x i and hv 02
r i and axial–radial Reynolds shear stress hv0

x v0
r i have

been measured directly. Worst-case velocity � uctuation uncertain-
ties are 2.02% V1 in the axial directionand 2.06% V1 for the radial
component.

Results and Discussion
Near-Wake Mean Velocity Measurements

The mean velocity vector � eld in the near-wake region of the
three-dimensionalbase � ow is included in Fig. 3, with Fig. 3a cor-
responding to the Á D 0=180 deg symmetry side plane and Fig. 3b
to the Á D ¡90= C 90 side planes. Note that, in the presentationof

a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 3 Velocity vector � eld in near-wake region for a) Á = 0/180 deg
plane and b) Á = ¡¡90/90 deg plane.
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a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 4 Velocity vector � eld just downstream of base surface for
a) Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

this vector � eld and as shown subsequently, the axial x scale has
been compressedby a factorof 0.85 to better � t on the page.As seen
in Fig. 2, the radial measurement spacingvaries, with close spacing
(as close as 0.25 mm) in regions of large gradients. To prevent the
vector plot from becoming cluttered in regions of high measure-
ment density, only vectors located radially at 1-mm intervals are
presented in the Fig. 3 vector plots. All measurement locations are
used in the generation of subsequent contour plots.

The Fig. 3 vector plot reveals the general � ow structure expected
in the base region.In both planes,the � ow is observedto turn sharply
just downstream of the base corner, where separationoccurs. In the
symmetry plane (Fig. 3a), the shear layer is turned more sharply
in the leeward (top) region than in the windward region, resulting
in a reattachment region at the convergence of the free shear layer
that is shifted toward the windward from the radial base centerline.
This shift is in contrast to the axisymmetric study of Herrin and
Dutton,2 where reattachment occurred directly on the axis of sym-
metry. This sharp turning of the shear layer in the leeward region
was previously observed15 as the entrainment of high-speed � uid
into the recirculation region from the leeward portion of the � ow
in end-view Mie scattering � ow visualizations.The entrainment of
this leeward � uid into the recirculation region is also observed in
the side plane (Fig. 3b) along the r=R ¼ 0 line as larger magnitude
velocity vectors begin to be observed at x=R ¼ 1:4. The low-speed
recirculationregion is clearly observed just downstreamof the base
surface in both planes, with the recirculating � uid con� ned to an
apparently much shorter axial length in the symmetry plane than in
the side plane.

The features of the recirculation region can be more clearly ob-
servedin Fig. 4, which is a magni� edviewof thevelocityvector� eld
just downstreamof the base surface. In Fig. 4, the vectors have been
stretched to allow a clearer view of the behavior in the recirculation
region. The structure of the recirculation region in the symmetry

plane (Fig. 4a) differs signi� cantly from the pair of symmetric re-
circulation lobes observed in the axisymmetric results.2 First, the
recirculation region occurs over a much shorter axial distance than
in the previously observed axisymmetric study. Through linear in-
terpolation of the symmetry plane velocity data, it is possible to
approximate a location with both zero mean axial and radial veloc-
ity components that corresponds to a stagnation point because zero
mean circumferential velocity is present in the symmetry plane.
When this method is used, a stagnation point (four-point star in
Fig. 4a) is observedat an axial distanceof approximatelyx=R ¼ 1:2
from the base. This stagnationdistance is reduced by 55% from the
axial stagnation length noted in the axisymmetric study of Herrin
and Dutton,2 where the stagnation location was measured to occur
at x=R D 2:65 on the symmetry axis. Furthermore, the stagnation
location appears to be displaced to a radial location of r=R ¼ ¡0:3
on the windward side of the symmetry plane. The axial shift in the
stagnation location is consistent with the low base pressure previ-
ously measured in this three-dimensionalbase � ow, which is 48.4%
below that of the axisymmetriccase.15 The radial shift in the stagna-
tion point (and reattachment region) results from mean-� ow three-
dimensional effects and shear layer asymmetry.

The overall structure of the recirculation region appears as a
reverse-s type of transportof � uid from leeward to windward. Fluid
from the leeward side of the recirculation region is transported to-
ward the base surface near r=R ¼ 0. The � uid is then turned radi-
ally toward the windward portion of the � ow, where it is entrained
in the windward segment of the shear layer. In the leeward por-
tion of the recirculation region, the � ow appears to rotate about a
point at .x=R; r=R/ ¼ .0:55; 0:45/ in this plane (� ve-point star in
Fig. 4a). This rotation may be indicativeof some type of circumfer-
ential vortex formation in the recirculation region. In the leeward
region at r=R ¼ 0:3, the � ow appears to impinge directlyon the base
surface, a location correspondingclosely to the location of a previ-
ously observednodeof attachment.15 In the windwardportionof the
recirculation region, an extremely low-speed region of � ow occurs
near the base surface at r=R ¼ ¡ 0:7, near the location of a saddle
point previously observed using base-surface � ow visualization.15

In the axisymmetric results of Herrin,22 a node of attachment is
present at the base centerline, but no saddle point is observed in the
surface oil-streak visualizationof the base surface.

The structureof the recirculationregion in the side plane (Fig. 4b)
is much different than that observed in the symmetry plane. Note
that the velocitymagnitudeappears smaller in regionsnear the base,
x=R < 1:0. This is most likely because no circumferential results
have been measured, and thus, the side plane results are missing
that important component in their magnitudes. However, note that
low-speed� uid (at least for thecomponentsmeasured)persistsmuch
farther downstream in the side plane (in regions radially displaced
from the r D 0 base centerline)thanobservedin the symmetryplane,
which is indicative of the lobes of low-speed � uid previously ob-
served using Mie scattering visualizations.15

Contours of the mean axial velocity in the near wake of the
three-dimensional base � ow are presented in Fig. 5. Note that the
“wiggles” present (primarily in the separatedshear layer just down-
stream of the base corner) in this (and subsequent)contourplots are
nonphysical oscillations generated in the contouring process using
these discretely spaced data. These nonphysical oscillations could
be eliminatedthroughcollectionof datawith higheraxial resolution.
In the symmetry plane, the gradient of axial velocity, which is very
large near the base corner separationpoint, appears to relax quickly
in the leeward portion of the shear layer with increasing axial dis-
tance downstream. On the other hand, the gradient in the windward
shear layer appears to maintain a larger magnitude with increased
axial displacement from the base. Note that in the Á D 0=180 deg
symmetry plane, the remaining velocity defect at x=R D 3:0 oc-
curs slightly on the leeward side of the centerline. In the recircula-
tion region, a maximum reverse velocity of Vx =V1 D ¡0:188 was
measured in the windward portion of the recirculation region at
.x=R; r=R/ D .0:95; ¡0:35/, as denoted by the star in Fig. 5a, an
axial position 78% of the distance from the base to the stagnation
location. In the axisymmetric base � ow, by comparison,Herrin and
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a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 5 Mean axial velocity contours in the near-wake region for
a) Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 6 Mean radial velocity contours in the near-wake region for
a) Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

Dutton2 measured a maximum reverse velocity of Vx =V1 ¼ ¡0:3
on the axis of symmetry at an axial location of 64% of the distance
to the stagnation point. The decrease in maximum reverse velocity
for the three-dimensional case results from the short recirculation
length, which provides a very short region for acceleration of the
recirculating � uid toward the base. In the side plane, the entrain-
ment of high axial velocity � uid on the r D 0 centerlineresults in an
earlier axial acceleration of the � uid near r D 0 than observed for
� uid displaced radially from the centerline.

Contours of the mean radial velocity in the near-wake region are
included in Fig. 6. As mentionedearlier, a negativeradial velocityin
Fig. 6 refers to a velocity component from leeward to windward and
normal to the radial centerline. In the symmetryplane, a sharp radial
gradient in radial velocity occurs throughout the reattachment re-
gion.This gradientoccursbecause � uid in the windward shear layer
maintains a positive radial velocity, and in the leeward shear layer,
� uid possessesa negative radial velocity approachingreattachment.
The locationof zero radial velocityshifts from windward to leeward
throughoutthe axial developmentof the reattachmentregion. In the
side plane, signi� cant radial velocity is con� ned primarily just out-
side the shear layer downstream of base separation, where the � ow
is turned toward the radial centerline (hence, the region of negative
radial velocity in the shear layer). Note, however, that this region
of negative radial velocity in the side plane is con� ned to the outer
region of the � ow (r=R > 0:5) because the � ow in the recirculation
region maintainsquite small (and generallypositive)radial velocity.

Two-dimensional Mach number contours for the near-wake re-
gion are included in Fig. 7. The shear layer in the leeward region
clearly grows at a much faster rate, as determined from the diver-
gence of the contours, than observed in the windward region. In
the leeward region, a clear “dip” in the shear layer occurs just be-
fore reattachment because the � uid in the leeward shear layer is
turned sharply toward the stagnation location. Also note again that
the location of the velocity defect in the near wake appears to shift
from windward to leeward throughout its postreattachment axial
development.

The maximum Mach number in the symmetry plane (star in
Fig. 7a) is M D 3:31 and is found at .x=R; r=R/ ¼ .2:52; ¡0:60/
in the windward region. This Mach number is 17% higher than
the maximum measured Mach number in the axisymmetric study of
Herrin and Dutton,2 where the maximum Mach numberof M D 2:83
was found at .x=R; r=R/ ¼ .1:0; 1:0/. Note that, in the axisymmet-
ric study, the maximum Mach number was measured just down-
stream of the base-edge separation fan. In the three-dimensional
case, this maximum Mach numberoccurs substantiallydownstream
of the reattachment point, suggesting a very different type of reat-
tachment process in this three-dimensional case. It appears that,
downstream of reattachment, � uid located on the windward side of
the wake is turned slightly toward the leeward as the velocityde� cit
in the wake translatesfromwindward to leeward.This slightrotation
of the windward � uid toward the leeward portionof the � ow may act
as a small expansion turn, acceleratingthe � uid in the windward re-
gion to the maximum measured Mach number. Thus, it appears that
the “recompression”process in this three-dimensional� ow is actu-
ally a combined recompression/reexpansion process, with strength
varying circumferentially from windward to leeward.

In the side plane, the persistence of the lower speed recirculat-
ing � uid (at least in the Vx ¡ Vr sense) is again clearly evident just
off the radial centerline of the plane, as previously observed in the
� ow visualizations.15 In Fig. 7, note that the Mach number plotted
includes only the Vx ¡ Vr velocity components and not the circum-
ferential component, which was not measured.

Near-Wake Turbulence Measurements
Contours of turbulent axial normal stress, hv 0 2

x i=V 2
1 , in the near-

wake region are included in Fig. 8. Relatively low axial normal
stress � uid is present in the outer � ow and recirculationregion, with
the high axial stress � uid con� ned to the shear layer and devel-
oping wake. Note that the axial stress in the windward portion of
the shear layer is much stronger than that present in the leeward
shear layer. Also, note a small increase in axial stress in the leeward
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a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 7 Mean two-dimensional Mach number contours in the near-
wake region for a) Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 8 Axial normal stress contours in the near-wake region for
a) Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

portionof the recirculationregionnear the base surfaceat r=R ¼ 0:3,
where a node of attachment was observed in previous base-surface
� ow visualizations.15 Two stress peaks are noted in the developing
wake on the symmetry plane and are marked by stars in Fig. 8a.
First, a peak axial stress of hv0 2

x i=V 2
1 D 0:062 was measured at

.x=R; r=R/ D .1:26; ¡0:37/ in the windward region, very near the
location of the rear stagnation point and the onset of � ow reattach-
ment. A second peak in axial normal stress with hv0 2

x i=V 2
1 D 0:061

was measured at .x=R; r=R/ D .2:99; ¡0:09/ in the windward por-
tion of the developingwake. These axial stress peaks are larger than
measured in the axisymmetric study of Herrin and Dutton,2 where a
peak axial stress of hv0 2

x i=V 2
1 D 0:048 was measured near the inner

edge of the shear layer 83% of the axial distance from the base to
the reattachment location. Furthermore, Herrin and Dutton17 found
a sharp decrease in axial stress through the reattachment region to
levels in the developingwake that were lower than thoseobservedin
most of the shear layer. In this three-dimensionalbase� ow, however,
the axial stress in the developingwake remains signi� cantly higher
than observed in the shear layer. This shift of the peak axial stress
to near and downstream of the reattachment point agrees with the
resultsof Hayakawaet al.23 and Samimy et al.24 for the reattachment
of a planar supersonic shear layer on a solid wall, that is, backstep
� ow. This agreement with a solid-wall reattachment is most likely
fortuitous, though, because the mechanisms amplifying the axial
turbulence in the reattachment region of the current � ow are quite
dissimilar.Instead,the reducedlengthof the shear layer in this three-
dimensional base � ow compared to the axisymmetric base � ow (as
evidencedby the short recirculationlength) may result in increased
axial dilatationof the � uid elements as they are compressed through
the reattachment region. Hayakawa et al.23 suggest that an increase
in axial dilatation at reattachment increases the axial turbulence
length scale, thus effectively increasing the axial normal stress.

In the side plane (Fig. 8b), the axial stress remains low in the
recirculationregion and outer � ow. The axial stress in the side plane
shear layer is similar in magnitude to that observed in the windward
shear layer and is signi� cantly higher than the normal stress in the
leewardshear layer.A peakin theaxialnormalstress in the sideplane
was measured at .x=R; r=R/ D .1:58; 0:36/, near the reattachment
region,where hv0 2

x i=V 2
1 D 0:043. Also note that the region of higher

axial normal stressdiffusesradially in the recompressionregionand
trailing wake from the radial centerline to a distance of r=R ¼ 0:5.

Contours of radial normal stress, hv0 2
r i=V 2

1 , are included in Fig. 9
for the symmetry and side planes. As in the axial normal stress
results, high radial stress � uid is con� ned to the separated shear
layer and trailing wake region. Note that the disparity in radial nor-
mal stress magnitude between the windward and leeward regions
of the shear layer is even greater than that observed for the axial
normal stress. Radial normal stress magnitudes in the windward
shear layer are approximately three times greater than those ob-
served in the leeward shear layer. The peak radial normal stress in
the symmetry plane was measured at .x=R; r=R/ D .2:21; ¡0:06/
downstream of the reattachment point, where hv 0 2

r i=V 2
1 D 0:084, a

value 35% higher than the measured axial normal stress peak in the
trailing wake. This radial normal stress is signi� cantly higher (over
three times) than the maximum value of Herrin and Dutton,2 who
measureda peak radial normal stressof hv0 2

r i=V 2
1 D 0:024 upstream

of the reattachment point for the axisymmetric case. Downstream
of the reattachment point, the radial turbulent stress magnitude di-
minishes greatly in magnitude in the axisymmetric results, which
is not the case for the three-dimensionalbase � ow shown in Fig. 9.
The three dimensionalityof the reattachment process in the current
study results in a signi� cant increase of radial momentum in the
rapidly convergingshear layer, which results in ampli� cation of the
turbulent radial normal stress.

In the side plane (Fig. 9b), the radial normal stress in the shear
layer downstream of the base surface is quite low in magnitude
.hv 0 2

r i=V 2
1 < 0:015), levels closer in magnitude to those observed

in the leeward shear layer (maximum hv 0 2
r i=V 2

1 ¼ 0:011) than the
windward shear layer (maximum hv 0 2

r i=V 2
1 ¼ 0:026). Note that this

trend is reversed from that observed from the axial stress contours,
where the side shear layer stress level more closely resembles the
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a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 9 Radial normal stress contours in the near-wake region for a)
Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 10 Contours of axial–radial turbulent kinetic energy in the near-
wake region for a) Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

windward shear layer. Just downstream of the reattachment lo-
cation, a side plane peak in radial normal stress is measured at
.x=R; r=R/ D .1:42; 0:32/, where hv 0 2

r i=V 2
1 D 0:026. Note that this

ampli� cation of radial stress is much smaller than observed in the
symmetry plane .hv0 2

r i=V 2
1 D 0:084), which suggests that the ra-

dial momentum increase is reduced in this side plane where shear
layer convergence is not as severe at reattachment as observed in
the symmetry plane.

Figure 10 provides contours of the nondimensional turbulent ki-
netic energy k=V 2

1 in the near-wake region. Using the following
two-dimensionalde� nition of turbulent kinetic energy:

k D 1
2

¡«
v

02
x

¬
C

«
v

02
r

¬¢
(1)

where k has been calculated using only the two directly measured
normal stresses. Note that the circumferential normal stress is not
included in the calculation of k because this stress was not mea-
sured, and the high variationof anisotropyin this three-dimensional
� ow makes the estimation of this stress highly uncertain. Quali-
tatively, the contours of turbulent kinetic energy appear to match
the contours of whichever normal stress is larger at the point of
interest. In the shear layer, higher k is observed in the windward
and side regions than in the leeward region due to the very small
radial stress present in the leeward portion of the shear layer.
In the side plane, the diffusion of high axial stress � uid across
the trailing wake results in a broad region of � uid with moder-
ately high turbulent kinetic energy. In the Á D 0=180-deg sym-
metry plane, the peak measurement of turbulent kinetic energy
[k=V 2

1 D 0:064 at (x=R; r=R/ D .2:21; ¡0:09/ in the windward re-
gion]nearlymatches the locationof measuredmaximum radial nor-
mal stress. However, note that the sum of the normal stresses results
in a broader region of high k in the trailing wake due to a slight
windward displacement of the high radial stress � uid compared to
the highaxial stress � uid far downstream.This measuredpeakin tur-
bulent kinetic energy is signi� cantly higher than the measured peak
of Herrin and Dutton2 in an axisymmetricbase � ow (k=V 2

1 D 0:044
in the shear layer before reattachment),despite that all three normal
stresseswere included in the calculationof the axisymmetric result.
The three dimensionality generated by the inclination to nonzero
angle of attack thus produces substantially higher turbulent kinetic
energy than for a base � ow at zero angle of attack.

Contours of axial–radial Reynolds shear stress .¡hv 0
x v 0

r i=V 2
1/ in

the near-wake region are included in Fig. 11 for the symmetry and
side planes. As observed in the normal stress results, no signi� cant
shear stress is measured in the recirculation region, which is in-
dicative of a lack of large-scale turbulent structure in this region.
In addition, the shear stress magnitude remains signi� cantly higher
on the windward side of the shear layer than in the leeward or side
regions upstream of the reattachmentpoint. In the developingwake
downstreamof the reattachmentpoint in the symmetryplane,a small
region of shear stress of the opposite sign is observednear the radial
centerline. This sign change occurs in the trailing wake at radial
locationsapproximatelycorrespondingto the positionof zero mean
radial velocity, which suggests that the region of � ow realignment
that occurs in the trailing wake results in a reversal of the shear
stress acting on � uid elements in this region. Two peaks in shear
stress are noted in the symmetry plane. The � rst peak is measured
near the reattachment point at .x=R; r=R/ D .1:26; ¡0:36/ in the
windward region, where ¡hv0

x v 0
r i=V 2

1 D 0:039. The second peak in
shear stress is measured far downstream of the reattachment point
in the trailing wake at .x=R; r=R/ D .2:99; ¡0:13/, a location in
the � ow where ¡hv 0

x v 0
r i=V 2

1 D 0:044. Note that both of these peaks
are signi� cantly larger than the maximum axial–radial shear stress
measured by Herrin and Dutton2 for an axisymmetric base � ow,
where a peak of ¡hv0

x v0
r i=V 2

1 D 0:019 was measured upstream of
the reattachment location. This shear stress magnitude observed in
the axisymmetric base � ow is similar in magnitude to the shear
stresses observed in the windward region of the shear layer before
reattachment for the current case.

In the side plane (Fig. 11b), a sign change in the shear stress is
observed between the side shear layer and the radial centerlinenear
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a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 11 Axial–radial Reynolds shear stress contours in the near-wake
region for a) Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 12 Turbulent kinetic energy production contours in the near-
wake region for a) Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

a) Á = 0/180 deg plane

b) Á = ¡¡90/90 deg plane

Fig. 13 Axial–radial shear stress production contours in the near-
wake region for a) Á = 0/180 deg plane and b) Á = ¡¡90/90 deg plane.

the reattachment location. This region of oppositely signed shear
stress occurs in the region of strong leeward to windward secondary
� ow previously observed in Mie scattering � ow visualizations (see
Ref. 15), that is, in a region of strong circumferential � ow normal
to the plane of Fig. 11b. The change in sign of shear stress between
these regionsmay be indicativeof a change in the favoredorientation
of large-scale turbulent structures in the outer shear layer and the
inner entrained � uid region. The low shear stress region between
the positive and negative shear stress areas corresponds to the low-
speed (Vx ¡ Vr ) recirculating � uid that persists farther downstream
in this side plane than in the symmetry plane. This low-speed region
is devoid of large-scale structures in the � ow visualizations, thus,
leading to the low shear stress measurements.

The generation of turbulent kinetic energy can be quanti� ed
through analysis of the turbulence production Pk , which describes
the transfer of energy from the mean � ow into the turbulent kinetic
energy. The turbulence production is de� ned as

Pk D ¡
«
v 0

i v
0
j

¬ @Vi

@x j
(2)

where repetition of the subscripts i and j denote summation of all
three components and x is one of the three coordinate directions.
Because only three of the six turbulent stresses have been measured
directly, the turbulence productioncalculated in the current investi-
gation reduces to the following form:

Pk D ¡
«
v0 2

x

¬ @Vx

@x
¡

«
v 0 2

r

¬ @Vr

@r
¡

«
v0

x v0
r

¬³ @Vx

@r
C @Vr

@x

´
(3)

A contour map of turbulent kinetic energy production in the near
wake (nondimensionalized by the base radius and freestream ve-
locity cubed) for both the symmetry and side planes is included in
Fig. 12. Results in the symmetry plane reveal a region of very high-
turbulenceproductionin thedevelopingwake justdownstreamof the
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reattachment location. The peak productionof turbulent kinetic en-
ergy, Pk R=V 3

1 D 0:24, is signi� cantly larger than the peak axisym-
metric production of Herrin and Dutton,2 where Pk R=V 3

1 D 0:13
was measureddirectlydownstreamof thebase-edgeseparationpoint
for the axisymmetricgeometry.Note that turbulenceproductionlev-
els in the majorityof the free shear layer regionsof the current study
are muchsmaller in all threemeasurementplanesthan in theaxisym-
metric case. This trend suggests that the stabilizing effects of the
expansion at separation have been increased by � ow three dimen-
sionality. Furthermore, note that turbulence production in the side
plane is signi� cantly lower than in the windward region and trailing
wake of the symmetry plane, with a modest increase in production
near the reattachment location in the outer shear layer.

Based on the Reynolds stress transport equation, the production
of axial–radial shear stress is de� ned in the following equation:

Phv0
x v 0

r i D
«
v 0 2

x

¬ @Vr

@x
C

«
v0 2

r

¬@Vx

@r
C

«
v 0

x v 0
r

¬³ @Vx

@x
C @Vr

@r

´
(4)

Note that, in this form, a positive value of shear stress produc-
tion represents an increase in shear stress magnitude, although
the shear stress actually becomes more negative. Contours of di-
mensionless shear stress production in the near-wake region are
included in Fig. 13. The highest shear-stress production is ob-
served in the windward shear layer, with a peak in production of
Phv0

x v0
r i ¢ R=V 3

1 D 0:235 just downstream of the reattachment loca-
tion, near x=R ¼ 1:3. This is in contrast to the production of tur-
bulent kinetic energy, for which the maximum is located in the de-
veloping wake downstream of the reattachment location, as shown
in Fig. 12. This high shear stress production results from the high
radial velocity gradients [the last partial derivative in Eq. (4)] that
occur as part of the � ow realignmentprocess in this high shear stress
region. This location of peak shear-stress production also contrasts
with the results of Herrin,22 for which a maximum shear stress pro-
duction of Phv0

x v0
r i ¢ R=V 3

1 D 0:20 was found in the inner portion of
the shear layer just downstream of the base-edge separation.Herrin
then noted a rapid decrease in production with axial displacement
from the base surface. The lack of high shear stress production in
the reattachmentregion in the axisymmetriccase most likely results
from the combination of reduced shear stresses in this region and a
smaller radial velocity gradientbecause the � ow realignment is less
severe in the axisymmetric � ow, especiallycompared to the leeward
region of the three-dimensionalshear layer. Finally, note that shear
stress production is much smaller in magnitude in the side region
than in the windward region of the shear layer.

Conclusions
LDV has been used to measure the mean velocity and turbulence

� elds in a three-dimensionalcompressiblebase � ow. This base � ow
was generatedby inclininga 63.5-mm-diamcylindricalafterbodyto
10-degangleof attack in a Mach 2.45 freestream.This studypermits
determination of the physical behavior of this three-dimensional
base � ow and providesunderstandingof the � uid dynamicprocesses
that occur downstreamof cylindricalafterbodieswhen rotated from
zero to nonzeroangleof attack.Basedon thevelocitymeasurements,
the following conclusions may be drawn:

1) The reduced base pressure in this three-dimensionalseparated
� ow results in a much shorter recirculationregion (stagnationlength
reduced by 55%) than observed in the axisymmetric case.2 In ad-
dition, the stagnation location is shifted toward the windward side
of the base � ow, resulting from a more severe angle of convergence
in the leeward region of the shear layer than observed in the wind-
ward plane. In the recirculationregion, the reverse � ow is generally
oriented from leeward to windward before entrainment in the wind-
ward shear layer. In the side plane, the presence of low-speed � uid
remnants, slightly displaced from the radial centerline, which were
originally observed in Mie scattering visualizations (see Ref. 15),
are con� rmed in the velocity measurements.

2) The shear layer appears to grow at a faster rate in the leeward
region of the � ow than in the windward region. As the shear layer
develops, though, the inner edge of the leeward shear layer turns

sharply toward the radial centerline, resulting in a substantial in-
crease in the leeward shear-layer growth rate. In the side plane, the
shear layer converges at a shallower angle than observed in either
the windward or leeward planes.

3) Peak levels of turbulent stress in the base region are generally
con� ned to the shear layer and trailing wake. The maximum levels
of turbulent stress are located just downstream of reattachment on
the windward side of the trailing wake. This peak stress location
contrasts with the axisymmetric case,2 where the maximum stress
was measured near the inner edge of the shear layer just before
� ow reattachment. In general, the axial and radial normal stresses
are similar in magnitude, and both of these stresses are larger than
the measured axial–radial shear stress. In addition, all three stresses
tend to be larger in the windward shear layer than noted in either
the side or leeward shear layers.

4) Turbulent kinetic energy production in the three-dimensional
base � ow is signi� cantly greater than measured in the axisymmetric
case.2 Peaks in turbulent kinetic energy production are located just
downstreamof the reattachmentlocation.The maximumshearstress
production is observed in the windward shear layer as a result of the
large radial velocity gradient present in the windward shear layer.
In the side plane, both the turbulent kinetic energy and shear stress
production levels are much lower than observed in the symmetry
plane.
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