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Velocity Measurements in a Pressure-Driven Three-Dimensional
Compressible Turbulent Boundary Layer
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The flow characteristics of a three-dimensional, compressible, turbulent boundary layer have been investigated
experimentally. The three dimensionality was generated by inclining a cylindrical afterbody at 10-deg angle of
attack to a Mach 2.45 freestream. The objective was to determine the mechanisms that govern the growth and be-
havior of pressure-driven, three-dimensional, compressible, turbulent boundary layers. Laser Doppler velocimetry
was used to determine mean velocity components and turbulence statistics. The results show a significantly thicker
boundary layer on the leeward side of the body than in the windward region. This circamferential variation in
boundary-layer thickness is caused by the pressure-driven circumferential flow, which provides a mass surplus in
the low-pressure, leeward region and a mass deficit in the high-pressure, windward portion of the boundary layer.
In addition, the pressure discontinuity at the angular junction and the axial pressure gradient also play a role in the
boundary-layer growth. Turbulent normal and shear stresses peak very near the wall, with an initial streamwise
peak forming at the interaction of the oblique shock/expansion fan with the boundary layer. The highly turbulent
fluid on the windward side of the body is transported toward the leeward region by the circumferential flow in the

boundary layer.

Nomenclature
skin-friction coefficient
compressible shape factor, §* /6
static pressure
afterbody base radius, 31.75 mm
radial coordinate
radial coordinate of approach flow
friction velocity
mean velocity
fluctuating velocity
axial coordinate
axial coordinate of approach flow
angle of attack
boundary-layerthickness
boundary-layerdisplacement thickness
boundary-layermomentum thickness
boundary-layer wake strength parameter
fluid density
circumferential coordinate
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Subscripts

incompressible result
radial component

axial component
approach axial component
freestream value

ooy~
*
o

3

Introduction

T HE inclination of rockets, missiles, and other axisymmetric
aerodynamic bodies to nonzero angle of attack causes an
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asymmetrical pressure field about the body, providing a three-
dimensional driving force that creates a finite circumferential ve-
locity in the boundary layer. If the aerodynamic body is flying at
supersonic velocities while inclined at angle of attack, the three-
dimensional pressure gradient about the boundary layer is fur-
ther complicated by the presence of a pressure discontinuity, that
is, oblique shock or expansion fan, of circumferentially varying
strength at the onset of the three-dimensional interaction. The be-
havior of a three-dimensional boundary layer of this type affects
design parameters such as skin-friction drag on the body and also
plays a critical role in flow structural features such as leeside sep-
aration vortices. In turn, these features interact with the separated
flow region in the near wake, thereby affecting the base drag and
wake structure. Thus, understanding the behavior of these three-
dimensional boundary layers is important in improving the design
and control of cylindrical supersonic bodies inclined at angle of
attack.

The general flow structure about a cylindrical slender body at
angle of attack is well understood. Oblique shocks and expansion
waves existentat the projectile forebody provide a pressure and ve-
locity discontinuityat the onset of the three-dimensionalinteraction.
Flow is driven from windward to leeward along the body and may
result in the formation of leeside vortices (symmetric or asymmet-
ric) depending on the combination of angle of attack, body length,
and freestream velocity.! However, the detailed characteristics and
behavior of the pressure-driven, three-dimensional boundary layer
at the surface of the body are not well understood.

Significant effort has been expended in the measurement of ve-
locities in three-dimensional incompressible boundary layers. Ex-
perimental studies of three-dimensionalboundary layers have been
conducted for low speeds in a variety of geometries with the
three dimensionality created by both pressure gradients and sur-
face shear stresses.? In one particularly relevant study, Chesnakas
and Simpson® measured all three velocity components and the com-
pleteturbulentstresstensorin the boundarylayer near the separation
point on the leeward surface of a prolate spheroid. This geometry
closely resembles the flow over the forebody of an axisymmetric
projectile in subsonic flight.

The available experimental velocity data for three-dimensional
boundary layers with supersonic freestream velocities are quite
limited. Several researchers have studied the three-dimensional
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boundary layers generated downstream of oblique shocks created
at both inclined and swept fins on flat surfaces*~® Another ex-
periment used a fin designed with increasing curvature to study
the effects of gradual increases in three dimensionality on both
the mean velocity and turbulence behavior of a boundary layer
in supersonic flow.”~? In particular, the study in Ref. 8 showed
that in-plane streamline curvature tends to stabilize turbulence in-
tensities. Although these studies provide valuable insight into the
development of three-dimensional, pressure-driven boundary lay-
ers, each involves boundary-layergrowth over a flat surface, which
does not entail the surface curvature effects of a body of revolution
at angle of attack. To account for these surface curvature effects,
researchers have measured velocities in three-dimensional bound-
ary layers generated from two-dimensional,axisymmetricboundary
layersby addingan offset flare junctionto the flow along a cylinder.!
In addition, velocity measurements have been made in the bound-
ary layer around cones inclined at angle of attack to generate three
dimensionality!!~!* Although these studies do not precisely match
the geometry of the cylindrical main body of an aerodynamic pro-
jectile,they do provide a similar circumferential pressure gradientto
that imposed on an axisymmetric body in nonzero-angle-of-atack
supersonic flight.

In the currentinvestigation,experiments were conducted to mea-
sure the velocity field in the three-dimensionalboundarylayer about
a cylindrical afterbody aligned at angle of attack in a supersonic
freestream. Laser Doppler velocimetry (LDV) measurements were
made at numerous spatial locations about the afterbody to provide
the mean velocity field and turbulencestatisticsin the boundarylayer
along three meridional planes. The measurements were located in
both the windward and leeward planes and also in a side plane at
the circumferentialmidpointbetween the windward and leeward re-
gions. The velocity dataare compared to previously obtainedsurface
streakline patterns and surface pressure data in the same flow!® to
determine the effect of three dimensionality on the boundary-layer
development. These measurements help to improve understanding
of three-dimensional, compressible, turbulent boundary-layer de-
velopment under pressure-driven conditions and provide an exper-
imental database for the validation and improvement of numerical
models of three-dimensional,compressible boundary layers. In ad-
dition, the data provide an initial condition for use in the numerical
modeling of supersonic base flows at angle of attack.

Experimental Facilities and Procedures

A blowdown-type wind tunnel designed specifically for the study
of axisymmetricbase flows was used to complete these experiments.
The facility has previously been used to make velocity measure-
ments in the base region of supersonicaxisymmetric base flows with
and without base bleed.!®!” In this facility, dried and compressed
air passes from a stagnation chamber, through a flow conditioning
section, and into an annular converging-diverging (C-D) nozzle.
For the current experimental conditions, with a stagnation pressure
of 565 kPa and stagnation temperature of 300 K, the C-D nozzle
provides an axisymmetric flow with a nominal freestream Mach
number of 2.5 as the flow passes into the test section. The airflow
exits the facility through a diffuser and silencing duct. Windows in
the test section provide optical access to the afterbody surface from
three sides to allow for nonintrusivelaser-diagnosticmeasurements.

The experimental afterbody is supported by an annular sting run-
ning along the tunnel centerline, which is supported far upstream of
the C-D nozzle to preventsupportinterferenceeffects fromentering
the measurementregion. A schematic of the experimentalafterbody
and the flowfield studied here is included in Fig. 1. The cylindri-
cal afterbody has a length-to-radiusratio of 3.0 and is inclined at
a 10-deg angle of attack relative to the freestream flow. Figure 2
shows a previously reported oil-streak visualization of the surface
flow generated on this afterbody.® Clearly, the 10-deg angle of at-
tack provides sufficient three dimensionality to transport fluid from
the windward to leeward portions of the afterbody. A cylindrical co-
ordinate system (Fig. 1) is used throughout this study aligned along
the axis of the afterbody with positive axial x values oriented in the
downstream direction. Radial distance r is measured from the axis,
and circumferential angle ¢ is measured from O deg on the wind-
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Fig.1 Schematic of angle-of-attack afterbody and coordinate systems.

Fig.2 Oil-streak visualization of ¢ =— 90 deg surface (from Ref. 15).

ward surface to 180 deg on the leeward surface of the afterbody in
a clockwise direction as observed from upstream. For measurement
of the approachboundary layers, the coordinate system is rotated so
that the radial coordinate r* is measured from the sting centerline
and normal to the freestream approach direction. Axial distance
x* is measured parallel to the freestream approach direction, and
circumferential angle is measured as discussed earlier.

A two-componentdual-beam LDV system was used in these ex-
periments with a 7-W argon-ion laser generating green (514.5-nm)
and blue (488-nm) beams. The probe volume formed by this four-
beam crossing is 165 pum in diameter. The fringe spacing of each
beam pairis 14.5and 13.6 um for the green and blue beams, respec-
tively. The beam pairs are rotated to approximately =45 deg from
the incoming freestream direction to reduce fringe blindness. Bragg
cells provide a 40-MHz frequency shift to reduce fringe biasing and
discriminate reverse velocities. The intensity of light scattered from
seed particles was collected at a 20-deg off-axis forward-scatterlo-
cationand is convertedto an analog voltagesignal by two photomul-
tiplier tubes. The off-axis collection location and pinhole aperture
in the receiving optics provide an effective probe volume length of
730 um. A TSI IFA-750 autocorrelationprocessor was used to con-
vert the photomultiplier tube voltage signal into the corresponding
velocity. Data were collected using an Intel Celeron-based personal
computer for processingand analysis.Control of the LDV probe vol-
ume location was maintained through use of a three-axis, computer-
controlled traverse system with a spatial resolution of £1.5 pm in
all directions.

Seeding for the LDV measurements was provided by a six-jet
atomizer that supplied silicone oil droplets to the flow through three
tubes located downstream of the flow conditioning section and sep-
arated by 120 deg circumferentially. The seeding system produces
droplets with a mean diameter of approximately 0.8 pum, which
Bloomberg'® has shown to be sufficiently small that any false tur-
bulence created in the flow due to the polydispersionof the silicone
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Fig.3 LDV measurement locations in afterbody boundary layer.

droplet size is small compared to the overall turbulence level. In
addition, Bloomberg'® estimated a 2-mm particle lag region for
identical silicone droplets passing through a 15-deg compression
corner in a Mach 2.6 flow. Because the freestream Mach number is
lower and the turning angle less severe in the current results than in
the study of Bloomberg, particle lag effects should be confined to
within 2 mm of the discontinuity in the current investigation.

A series of radial profiles was measured using the LDV system,
with the measurements concentratedin the boundarylayer of the ap-
proachflow and in the windward (¢ = 0deg), leeward (¢ = 180deg),
andside (¢ =90 deg) planesof the afterbody boundarylayer, as seen
in Fig. 3. In the approach boundary layer, 9 radial traverses were
completed, whereas 10, 10, and 11 profiles were measured in the
windward, side, and leeward planes, respectively. In each radial tra-
verse, 40-66 spatial locations were included, with 4000 individual
velocity realizations stored at most spatial locations for the com-
putation of mean velocity and turbulence statistics. The effects of
velocity bias on the LDV data were corrected using an interarrival
time-weighting scheme, which has been shown to be effective as a
debiasing tool in compressible shear flows of this type.!* With this
two-component LDV arrangement, both the streamwise and radial
components of the mean velocity were measured simultaneously,
but no measurements of the circumferential velocity component
(which should have a zero mean value for the ¢ =0 and 180 deg
data planes) were obtained. In addition, both streamwise and ra-
dial Reynolds normal stresses, {(v?) and {(v?), and the axial-radial
Reynolds shear stress, — (v, v;), have been measured directly. The
worst-case uncertainty in mean velocity and rms velocity fluctua-
tionsis estimated to be 1.2 and 2.3% of the mean freestreamvelocity,
Vs =573 m/s, respectively?’

Results and Discussion

Approach Boundary-Layer Velocity Measurements

Upstream of the angular discontinuity, nine individual boundary-
layer velocity profiles were measured, with three profiles each mea-
sured in the ¢ = 0-, 90-, and 180-deg circumferential planes at dif-
ferent axial locations. The approach mean velocity profiles shown
in Fig. 4 are representative of the incoming velocity field at each
angular position. Each velocity profile reveals a fully developed,
compressible, turbulent boundary layer with no apparent interfer-
ence waves impinging on it. The profiles for the various ¢ positions
collapse reasonably well, suggesting that the sting is well centered
on the tunnel axis. These experimental data were curve fitted to the
theoretical profile of Sun and Childs,?! which was developedfor tur-
bulent, compressible boundary layers. Boundary-layer parameters
and integral thicknesses were then determined based on the the-
oretical curve fit to the experimental data. The average of these
nondimensional values for the three angular stations measured at
x*/R=-0.031 is included in Fig. 4. These nondimensional val-
ues are consistentwith those previously measured for axisymmetric
approach boundary layers in the same facility.!®?* The measured
freestream velocity of 573 m/s corresponds to a Mach number of
2.45, and the resulting unit Reynolds number was calculated as
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Fig.4 Average approach flow streamwise velocity profiles and average
approach boundary-layer statistics.

56 x 10° m~!. Directly measured streamwise turbulence intensities
throughoutthe approach freestream were consistently less than 2%.
The turbulence intensities peak at approximately 8% in the inner
portion of the boundary layer.

Mean Velocity and Boundary-Layer Thickness Measurements

Contours of dimensionless velocity magnitude (V2 + V2)1/2/V,,
in the ¢ =0-, 90-, and 180-deg planes are included in Figs. 5a-5c,
respectively. Note that, in each case, the radial coordinate has been
stretched with respect to the axial coordinate to better observe the
boundary-layer interaction. In addition, for each contour plot, the
body surface is located at the bottom edge of the plot at r/R =1.
(See Fig. 3 for orientation.) To present these contour plots, the LDV
data were passed twice through a five-point smoothing filter with
a smoothing coefficient of 0.5. In addition to the dimensionless
velocity magnitude contours,Fig. 5 shows the two-dimensional flow
streamlines in each plane that were generated by integrating the
mean (V,, V,) velocity data.

The velocity magnitude results in the windward region (Fig. 5a)
show the flow deceleration behind the compression shock created
at the angular discontinuity x/R =0. Note that the slight appar-
ent waviness in the shock is caused by interpolation between the
discretely spaced velocity data. The dashed line in Fig. 5a repre-
sents the location of a compressionshock created at a 10-deg planar
compressioncorner based on compressibleflow theory. The stream-
lines begin to turn at a location very close to that of the theoretical
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planar compression wave. The gradual turning of the flow stream-
lines across the compression wave results at least partially from par-
ticlelag, where arelaxationdistanceof lessthan2 mm s expected for
the given freestream flow velocity and compression angle. Behind
the shock, the streamlinesdo notcompletely turn 10 deg to match the
surface orientation, but instead continue to approach the surface.
The streamline convergence at the windward surface results from
the windward-to-leeward circumferential flow,"”> which creates an
efflux of mass from the windward portion of the boundary layer.
This circumferential mass efflux also appears to result in a slight
thinning of the boundary layer with increased axial position along
the afterbody.

The velocity magnitude data on the side plane (Fig. 5b) show a
slight flow deceleration behind a weak oblique shock that occurs
at the cylinder/afterbody junction. This agrees with the previously
obtained surface pressure data,'> which show a weak compression
occurring at the angular discontinuity x/R =0 in the ¢ =90 deg
plane. Note that the velocity magnitude change in this region is
very small (approximately?2.7%), and the streamlinesremain almost
straightin the region of the weak compression, which suggests that
the wave behaves almost as a Mach wave. In fact, the location of the
flow deceleration portrayed by the velocity data closely matches
the location of a Mach wave in Mach 2.45 flow (the Mach angle is

23.4 deg), as represented by the dashed line in Fig. 5b. The bound-
ary layer appears to remain fairly constant in thickness throughout
the measurementregion on the side plane, exceptin the most down-
stream region (see subsequent discussion). Note that the velocity
magnitude resultsin the side plane (shown in Fig. 5b) do not include
the circumferential velocity component, which is clearly nonzeroin
this measurement region. However, directly downstream of the an-
gular discontinuity, the circumferential velocity component should
be very small (because the disturbance to the flow is minimized
in this plane) and, thus, should not significantly affect the veloc-
ity magnitude gradientat the angular junction. Farther downstream,
however, the effect of the circumferential velocity on the transport
of fluid about the cylinder may affect the growth and development
of the boundary layer in this plane.

The velocity magnitude results in the leeward region (Fig. 5¢) re-
veal a flow acceleration created by an expansion fan centered at the
angular discontinuity x/R = 0. The dashed lines in Fig. 5c represent
the extent of a Prandtl-Meyer expansion fan centered at a 10-deg
planar expansion turn based on isentropic compressible flow the-
ory. The streamlines begin to turn at a location approximately cor-
responding to the location of the theoretical planar expansion fan,
although it appears that the flow rotation may begin slightly up-
stream of that predicted by two-dimensional theory. Downstream of
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Fig. 6 Axial velocity development near angular discontinuity in wind-
ward plane.

the expansion fan, the streamlines appear to approach straight-line
shapes but then begin to curve away from the leeward surface (i.e.,
thereis aninflectionin the streamlinesdownstream of the expansion)
in the downstream region of the measurement domain. This curva-
ture is most likely caused by the previously observed windward-to-
leeward circumferential flow about the afterbody,!> which creates
an influx of mass to the leeward portion of the boundary layer.
This mass entrainment in the leeward portion of the boundary layer
would also account for, at least partially, the apparent growth of the
boundary layer with axial distance.

Additional insight into the initial spatial development of the
boundary layer near the velocity discontinuity may be gained by
investigatingindividual velocity profiles just downstream of the an-
gular junction. The spatial evolution of axial velocity in the wind-
ward plane is shown in Fig. 6. Note that, although a velocity profile
was measured at x/R =0.078, the presence of the oblique shock
within the boundary layer at this location resulted in particle lag ef-
fects in the boundary layer, thus preventing the identification of the
behavior with confidence. As a result, boundary-layer profiles are
notpresenteddirectly downstreamof the angulardiscontinuityat lo-
cations where the shock is within the boundary layer. The location
of the compression shock is clearly evident outside the boundary
layerin all profiles for x/R > 0.393, as seen in Fig. 6. The compres-
sion across the oblique shock appears to increase slightly the mean
axial velocity in the boundary layer very near the wall, /R < 1.02,
whereas the velocity decreases slightly from the approach velocity
profile near the edge of the boundary layer, r/R ~ 1.06. The down-
stream velocity profiles appear to maintain a similar shape with
increasing x, which suggests a recovery toward an equilibrium state
downstreamof the shock, as observedin the data of Kuntz et al.?? for
aplanar12-degcompressioncornerin Mach 2.94 flow. However, for
the equilibriumconditionreachedin the two-dimensionaldata,? the
axial velocity downstream of the shock remains significantly lower
than the approach velocity at all radial locations.

The corresponding axial velocity development near the angular
discontinuityin the leeward planeis includedin Fig. 7. The presence
of the expansionfan is clearly evident in the downstream profiles as
a widening region of acceleration beyond the freestream approach
velocity. Close to the wall, the expansion fan appears to accelerate
the fluid velocity comparedto the approach flow at the first few axial
locations, although the velocity profile begins to recover toward the
approach conditions with increasing x. This recovery toward the
approach velocity conditions in the inner portion of the boundary
layer occurs over a much longer axial distance than observed in
the windward plane boundary layer, which suggests that flow three
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Fig. 7 Axial velocity development near angular discontinuity in
leeward plane.

dimensionality delays the return to equilibrium conditions in the
inner portion of the boundary layer in the leeward plane.

The axial variationin boundary-layerthickness was quantified by
integratingthe mean velocity profiles to calculatethe incompressible
boundary-layerdisplacement thickness:

> v,
8 = 1-——)dr (1)

Note that compressibledisplacementthicknessis not presented here
becausethereis a possibility of radial pressure variations across this
three-dimensionalboundary layer, thus preventing the estimation of
density variationswith confidence. In addition, the freestream veloc-
ity at the edge of the boundary layer V. , varies axially in all three
planes due to three-dimensional effects outside the boundary layer.
Because of the direct interaction of the oblique shock/expansion
fan and boundary layer (Figs. 6 and 7), the value of V, ., could
not be determined with certainty just downstream of the angular
discontinuity. As a result, the displacement thickness has not been
presented for the first few axial stations downstream of the angu-
lar discontinuity. The displacement thickness along the ¢ =0, 90,
and 180 deg planes is plotted in Fig. 8b, together with previously
measured surface pressure data'’ (Fig. 8a) along these same planes.

In the windward region, the boundary layer is compressed to a
displacement thickness 0.44 times the approach thickness. The ma-
jority of this 8] change appears to occur near the angular junction,
where the pressure increase across the compression shock forces a
reduction in boundary-layer thickness. After this initial compres-
sion, two additional factors prevent the growth of the boundary
layer during its axial development in the windward plane. First,
a favorable pressure gradient occurs on the windward surface for
x/R > 0.5, retarding an increase in §;. Second, the windward-to-
leeward circumferential flow about the afterbody (as seen in Fig. 2)
provides a mass efflux from the windward region that also prevents
boundary-layer growth.

In the side region, ¢ =90 deg, the displacement thickness ini-
tially remains relatively constant throughout its streamwise devel-
opment before growing to 1.96 times larger than the approach value
toward the end of the measurementdomain. Initially, the circumfer-
ential mass flux effects in this region should generally be small as
windward fluid merely passes through the side plane in its passage
toward the leeward region for most of the afterbody length. Thus,
the first neutral then favorable pressure gradient is the main factor
contributing to boundary-layerdevelopment in the side plane. The
displacement thickness growth near the end of the afterbody in
the side plane may result from the mass surplus that accumulatesin
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the leeward region near the base edge. Because of this excess mass
in the leeward region, additional mass that previously passed cir-
cumferentially through the boundary layer into the leeward region
is prevented from reaching the leeward plane and begins to accumu-
late in the side region, thus resulting in an increase in displacement
thickness near the base edge.

In theleewardregion, §* growsin thicknessto approximately2.86
times larger than the approachdisplacementthickness. The increase
indisplacementthickness occurs as a result of the same three factors
that facilitate boundary-layerthinning in the windward plane. First,
the global decrease in surface pressure across the expansion fan
provides a low-pressureregion for boundary-layergrowth. Second,
an adverse pressure gradientdevelopson the downstream half of the
afterbody (Fig. 8a), enhancing boundary-layer growth. Third, the
windward-to-leeward surface flow results in a mass surplus in the
leeward plane, further facilitating boundary growth in the leeward
region.

The boundary-layervelocity profiles were also integrated to com-
pute the incompressible momentum thickness 6;:

A Vi
6[=/ —(1——) dr 2)
R Vx.oo Vx.oo

The axial variationsin momentum thicknessalong the ¢ =0, 90, and
180 deg planesare plottedin Fig. 8c. The axial variationsin momen-
tum thickness closely follow the qualitative trends noted earlier for
the displacement thickness. The changes in momentum thickness
are also driven by similar mechanisms that control the variations
in displacement thickness. Momentum efflux from the windward

region and a favorable pressure gradient downstream of the com-
pression shock result in a decrease of the momentum thickness in
the windward plane. Similarly, the windward-to-leeward momen-
tum flux created by the circumferential flow in the boundary layer
and an adverse pressure gradient result in an axial increase in the
leeward-plane momentum thickness. The momentum thickness on
the ¢ =90 deg side plane remains relatively constant except in the
most downstream region, where it increases modestly.

Turbulence Measurements

Plots of the axial normal stress, nondimensionalizedby the square
of the freestreamapproach velocity, (v?) / V2, in the boundary layer
for all three measurementplanes are includedin Fig. 9. For Figs. 9a-
9c, the location of highest measured stress is denoted with a star. In
each of the measurement planes shown in Fig. 9, the axial stress in
the boundary layer increases while approaching the afterbody sur-
face. Note that the axial Reynolds stress is of generally comparable
magnitude in all three measurement planes. Stress levels peak very
near the wall, but the axial location of the maximum measured stress
varies between the three measurementplanes. The highestmeasured
axial stressin the windward plane (Fig. 9a) is observedat x/R ~ 0.4,
where (v?)/V2 =0.00521. In the side plane (Fig. 9b), the loca-
tion of maximum measured axial stress ((vf)/ VozQ =0.00666) is
observed slightly farther upstream, at x/R ~ (.35, than in the wind-
ward plane. In the leeward plane (Fig. 9¢), a small initial axial nor-
mal stress peak ((v?)/ V2 =0.00282) is found at x/R &~ 0.1, where
the expansion fan interacts directly with the boundary layer. This
initial peak is followed first by a slight decrease in normal stress
and then an increase in stress to the maximum measured value of
(v?)/ V2 =0.00545 near the surface at x/R 2 0.95. Note that, in all
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Fig.9 Axial normal stress contours ( v;f)/Vfo in boundary layer.
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three planes, the maximum axial stress is measured very near the
inner limit of measurements completed in this investigation. Higher
stress values may occur closer to the wall, where the presence of the
surface clips the LDV beams, preventing velocity measurements.
As already discussed, the location of the maximum measured

axial normal stress varies axially between the three circumferential
planes. The location of this maximum measured stress region occurs
slightly downstream of the shock in the windward region, then ap-
pearstomove farther downstreamas it passesinto the leeward plane.
This could be a result of the circumferential boundary-layer flow,

which advects the high axial stress fluid behind the oblique shock
from the windward regioninto the side and leeward planes. This can
be seen most clearly in the leeward plane, where the increase in ax-
ial stress from the expansion fan is initially dissipated, but the axial
stress then increases from the influx of high axial stress fluid from
the windward region. Note that there is also an apparent increase
of axial stress observed in the windward plane in the region of the

oblique shock outside the boundary layer. This apparent stress in-

creaseis most likely a false turbulencecaused by slight unsteadiness
of the shock position. This nonphysical turbulence near the oblique

shock may also be caused by the variation of silicone oil droplet

sizes used to seed the flow. Because larger droplets decelerate at

a slower rate than smaller droplets, this differing deceleration rate
between individual seed droplets can create nonphysical variations
in the measurement of instantaneous fluid velocity.

These axial normal stresses measured about the cylindrical body
are similar qualitatively to the axial velocity fluctuations measured
by Ausherman and Yanta'* on cones at angle of attack. Both sets of
data show axial velocity fluctuations peaking near the wall, with the
peaks of similar magnitude in all circumferential planes. However,
the conical data provide no evidence of circumferential variation of
the axial location of the peak axial normal stress. Instead, the peak
axial velocity fluctuationsremained of relatively constantmagnitude
throughout their axial developmentalong the cone.

The amplification of axial normal stress across the angular
discontinuityis most evident through observationof individual nor-
mal stress profiles as shown in Figs. 10 and 11 for the windward and
leeward planes, respectively. In the windward plane, the axial nor-
mal stressin the boundarylayerdecreasesslightly across the oblique
shock, then increasesto a postshockpeak levelnearx/R = 0.4. Note,
however, that this peak level downstream of the shock is of approx-
imately equal magnitude to the peak axial normal stress measured
upstream of the shock. This result is in contrastto the data of Kuntz
et al.,”* who found a significant increase in streamwise turbulence

fluctuations across a two-dimensional compression corner. In addi-
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tion, Kuntz et al. noted the location of the peak fluctuations in the
boundary layer moving away from the wall to near the center of the
boundary layer with increasing x. The current data suggest that the
peak axial stress remains very close to the wall, at a distancenearing
the inner spatial limit where the data could be obtained.

In the leeward plane (Fig. 11), the axial normal stress first de-
creases near the wall compared to the approach axial normal stress
magnitude, then begins to recover toward the approach profile. The
presenceof the expansionfan near the leeward surfaceappearsto ini-
tially stabilize the axial velocity fluctuations in the boundary layer.
This decreasein axial stress across the expansion from the approach
levelsagrees with the results of Arnette et al.2* fora 7-deg planarcen-
tered expansion. However, the results of Arnette et al. do not suggest
arecovery of the axial stress magnitude toward the approachlevels,
but instead the stress profiles approach a similar shape, with mag-
nitude lower than the approach axial normal stress. The increase
in axial stress magnitude downstream in the current data is most
likely caused by the growth of the boundary layer, which provides
lower speed fluid with higher axial velocity fluctuations at the same
distance from the wall for increasing x.

Contour plots of the nondimensional radial normal stress,
(v?)/ V2, through the boundary layer in all three planes, are in-
cluded in Fig. 12. (Again, the location of highest measured stress
is denoted by a star.) Note that, although the stresses increase in
the inner portion of the boundary layer, the measured maximum ra-
dial stress magnitude varies fairly substantially from plane to plane,
in contrast to the behavior of the axial stress. This can be most
easily observed by noting the contour levels in Figs. 12a-12c. The
radial stress magnitude on the windward side of the afterbody is
approximately twice as large as that observed in the leeside bound-
ary layer. This increase in radial stress magnitude is most likely
due to a radial stress amplification mechanism that occurs in the
shock/boundary-layerinteraction at the compression turn. This ra-
dial stress amplification does not appear to occur as strongly as a
result of the expansion turn on the leeward plane.

The radial stress once again tends to peak in the inner region of
the boundary layer, but the axial location of the radial stress peak
varies much more than that observed in the axial stress contours.
The highest measured radial stress in the windward plane is ob-
served just downstream of the oblique shock, at x/R ~ 0.4, where

2}/ V2 =0.00561.This windwardradial stress maximum is much
larger than that measuredin the other planes and is of approximately
equal magnitude to the highest measured axial normal stress in this
plane. In the side plane, the location of the maximum measured ra-
dial normal stress ((v;z)/Vj’Q =0.00313) is observed at the location
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of the angular discontinuity, x/R 2 0.05, and a smaller magnitude
secondary stress peak is observed farther downstream, at x/R ~ 2.2.
The radial stress in the leeward portion of the boundary layer ini-
tially peaks ((v/?)/ V2 =0.00182) just downstream of the angular
discontinuity, x/R ~ 0.1, due to the interaction of the expansion
fan with the boundary layer. This initial radial stress peak dissi-
pates axially, but then increases to the maximum measured value of
(v?)/ V2 =0.00226 at x/R ~2.4. This region of high radial stress
is elliptical in shape and is much larger in size than that observedin
the axial stress contours. In addition, this region of high radial stress
in the leeward regionis much farther downstream than that observed
for the axial stress. The presence of this radial stress peak near the
base edge may suggest incipient separation in this downstream re-
gion. This maximum measured radial stress is less than half as large
in magnitude as that measured for the axial stress in the leeward
plane. There is no clear evidence of transport of high radial stress
fluid from the windward plane, through the side plane, and into
the leeward region by means of the circumferentialboundary-layer
flow, as was observed in the axial stress results. Once again, there
is also a slight increase of radial stress observed in the windward
plane outside the boundary layer in the region of the oblique shock,
similar to that observed in the axial stress contours, as a result of
shock unsteadiness and/or the polydispersedsize distribution of the
seed particles.

These radial normal stress results differ significantly from the
radial velocity fluctuation data previously published for supersonic
cones at angle of attack.!* In the conical data, radial velocity fluc-
tuations remained fairly constant across the boundary layer, unlike
the distinct peak noted in the current cylindrical data in the in-
ner portion of the boundary layer, especially in the high-magnitude
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Fig.13 Radial normal stress radial profiles near angular discontinuity
in windward plane.

windward plane. The lack of a peak in the cone data may occur
because measurements were reported only in the outer 80% of the
boundary layer, allowing for a peak to potentially occur in the inner
20%, where no measurements were obtained. In addition, the radial
fluctuation magnitude in the conical data does not vary with circum-
ferential location, unlike the current data for which a significantly
higher radial normal stress is observed in the windward plane. This
differencein radial stress amplification in the windward plane most
likely results because the boundary layer on the cone initiates at
its tip, just downstream of the leading oblique shock. Because the
boundary layer has no significant thickness at the cone tip, there
is no boundary layer present for which the shock may amplify the
radial velocity fluctuations.

Radial normal stress profiles are shown in Fig. 13 for the wind-
ward plane just downstream of the compression shock. Near the
wall, the radial stress peak appears to decrease slightly across the
oblique shock before decreasing further in magnitude with increas-
ing x. In addition, the radial region of high radial stress in each pro-
file appearsto broaden slightly with increasingx justdownstreamof
the shock. Unlike this slight decrease in radial normal stress across
the oblique shock, Kuntz et al.”* noted an increase in wall-normal
stress across a planar compression shock, to levels approximately
double the approach radial normal stress. In addition, Kuntz et al.
noted a fairly flat radial stress profile with no significant radial vari-
ations. In contrast, the highest radial normal stress appears near the
wall in the current data, with the high stress region broadening with
increasing x.

In the leeward plane (Fig. 14), the radial normal stress is clearly
strongly damped across the expansion fan and decreases further in
magnitude with increasing x. This decrease in radial stress agrees
with the findings of Arnette et al.** for a planar expansion. The pro-
files of radial stress for the currentcase are also significantly broader
and flatter than the profiles in the windward region. In addition to
viscousdiffusionof high-stressfluid from the windward region, this
broadeningis most likely due to the increasing thickness of the lee-
ward boundary layer with increasing x, which provides lower speed
and higher radial stress fluid farther from the wall.

Contour plots of the dimensionless axial-radial Reynolds shear
stress, —(v/v/)/ V2, are included in Fig. 15. The Reynolds shear
stress follows the same general trends observed in the normal
stresses, with the stress generally increasing toward the surface
acrossthe boundarylayer. (The locationofhighestmeasuredstressis
denoted with a star.) The shear stress is of approximatelyequal mag-
nitude in each measurement plane. The highest measured Reynolds
shear stress in the windward plane is observed at the interaction
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of the oblique shock with the boundary layer at x/R & 0.05, where
—(v/v/)/V2 =0.00186. In the side plane, the location of maxi-
mum measured Reynolds shear stress (—(v.v/)/ V2 =0.00132) is
observed just downstream of the angular discontinuity,x/R ~ 0.05,
with a secondary stress peak observed farther downstream at
x/R~2.5, where —(v.v/)/V2 =0.00119. In the leeward portion
of the boundary layer, the shear stress reaches a measured maxi-
mum of —(v/v/)/V2 =0.00168 near the base edge, at x/R ~2.5.
Overall, the shapes of these Reynolds shear stress contours and the
location of the shear stress peaks more closely match the radial
normal stress results than the axial normal stress results. However,
the approximately equal magnitude of shear stress in each mea-
surement plane agrees with the observation of nearly equal axial
normal stress magnitudes in each measurement plane. The conical
data of Ausherman and Yanta'* display similar trends between the
axial velocity fluctuations and the axial-radial shear stress. How-
ever, as was seen with the axial fluctuations, little axial variationin
the axial-radial shear stress magnitude was observed in the conical
data.

Axial-radial Reynolds shear stress profiles just downstream of
the angular discontinuityare shown in Figs. 16 and 17 for the wind-
ward and leeward planes, respectively. In the windward plane, the
compression shock is seen initially to reduce the peak shear stress
magnitude and broaden the region of peak shear stress. Moving
farther downstream, the shear stress dissipates to levels lower than
that just downstream of the shock. The radial region of peak stress
continues to broaden with increasing axial displacement as well.
The initial decrease in peak shear stress contrasts with the two-
dimensional compression corner result of Kuntz et al.2* The two-
dimensional results note a significant increase in shear stress across
the compression shock, followed by a damping to lower stress dur-
ing the downstream development of the boundary layer. However,
even the reduced shear stress magnitudes far downstream from the
compression shock in the two-dimensional results remain signifi-
cantly higher than the shear stress observed in the approach flow.
The decrease in shear stress just downstream of the shock observed
for the currentcase may be a result of the circumferentialflow along
the afterbody, which provides an efflux of high-stress fluid out of
the windward region.

In the leeward region (Fig. 17), the expansion fan appears to re-
duce significantly the peak axial-radial shear stress in the boundary
layer from the approach magnitudes. Downstream of the expansion
fan, the shear stress levels begin to increase in magnitude, but do
not reach the levels measured in the approach boundary layer. This
result agrees favorably with the study of Arnette et al.?* for a 7-deg
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two-dimensional centered expansion. Unlike the windward region,
the peaks in shear stress for the current measurements appear to be
confined very near the afterbody surface in the leeward plane.

Conclusions

LDV has been used to measure the mean velocity and turbulence
fields in a three-dimensional, pressure-driven, turbulent, compress-
ible boundary layer. The boundary layer was generated by inclining
a cylindrical afterbody to 10-deg angle of attack in a Mach 2.45
freestream. This study permits determinationof the physical behav-
ior of this three-dimensional boundary layer and provides under-
standing of the fluid dynamic processes that occur on cylindrical
afterbodies when inclined at nonzero angle of attack. Based on the
velocity measurements, the following conclusions may be drawn:

1) The angular discontinuity used to create the 10-deg angle of
attack results in a complex compression wave/expansion fan of cir-
cumferentially varying strength. In the windward plane, the discon-
tinuity appeared approximately as an oblique shock generated at a
10-deg planar compression corner in Mach 2.45 flow. On the side,
¢ =90 deg, plane, a small flow deceleration occurred at a position
approximately equivalentto a Mach wave in M =2.45 flow. Previ-
ously measured pressure data (Fig. 8a) suggesta weak compression
in this plane. The small deflection of representative streamlines in
this plane confirms that the discontinuityon this side plane is a weak
compression. In the leeward plane, the discontinuity occurred at a
position approximately equivalent to a Prandtl-Meyer expansion
fan for a 10-deg planar expansioncornerin a Mach 2.45 freestream.

2) The boundary layer is seen to compress on the windward side

of the body, grow slightly along the axial extent of the side plane, and
grow rapidly on the leeward side of the body throughoutits entire ax-
ial development. The change in thickness of the three-dimensional
boundary layer appears to be controlled by three factors. First, the
angular junction creates a pressure discontinuity of circumferen-
tially varying strength. This pressure change should compress the
windward portion of the boundary layer and expand the leeside
boundarylayer. Second, a circumferentialflow in the boundarylayer
providesa transfer of mass and low-momentum fluid into the grow-
ing leeward boundary layer from the shrinking windward boundary
layer. Third, the axial pressure gradient about the afterbody tends
to increase the boundary-layerthickness in regions of adverse pres-
sure gradients and to retard the boundary-layergrowth in regions of
favorable pressure gradients. Thus, the balance between these three
factors governsthe overallincrease or decreasein thicknessthrough-
outthe axial developmentof this three-dimensional,pressure-driven
boundary layer.

3) The regions of significant Reynolds normal and shear stresses
are confined to the boundary layer, with peaks in turbulent stresses
found near the wall. All turbulentstresses are reduced in magnitude
in passage across the angular discontinuity. Axial normal stresses
tend to be greater in magnitude than the radial normal stresses.
Peaks in axial normal stress tend to occur farther upstream on the
windward side of the afterbody, which suggeststhat turbulence gen-
eratedin the oblique shock/boundary-layerinteractionwas advected
to the leeward side of the afterbody by the circumferential flow in
the boundary layer. The magnitude of radial normal stress in the
windward plane is higher than in either the leeward or side planes,
which suggests that the interaction between the leading oblique
shock and boundary layer amplifies radial velocity fluctuations. Al-
though no flow separation has been observed or measured in the
leeward region,'® the presence of a peak in radial normal stress that
forms near the base edge in the leeward plane may indicate incipient
separation in this plane.
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