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Investigation of a Three-Dimensional Shock Wave
Separated Turbulent Boundary Layer

M. I. Kussoy,* J. R. Viegas,* and C. C. Horstmant
NASA Ames Research Center, Moffett Field, Calif.

A detailed investigation of a flow in which a three-dimensional shock wave separates a two-dimensional
turbulent boundary layer is presented. The resulting flowfield is highly three dimensional with a significant
portion of flow separation on the surface at the <f> = 0 deg (windward) plane was well as a large zone of secondary
surface flow off this plane. Mean and fluctuating experimental measurements were obtained throughout the
entire flowfield. These measurements included mean pressures, flow angles and shear on the surface, as well as
yaw angles, static pressures, turbulent shear stresses, and turbulent kinetic energies on selected planes
throughout the flowfield. In addition, numerical predictions of this flow, obtained by solving the Navier-Stokes
equations with an algebraic eddy viscosity turbulence model, are presented. These computations reasonably
predict both the surface and flowfield quantities, despite the extremely complicated nature of the experimental
flow.

Nomenclature
Cf = skin-friction coefficient, 2rw/p^u2^
k = turbulent kinetic energy
p — static pressure
Re/m = Reynolds number per meter
T - static temperature
u,v,w = mass-averaged velocity components in x,y, and </>

directions, respectively
x = axial coordinate parallel to test section centerline,

measured from cone tip
y = radial coordinate, distance normal to wall
a. - yaw angle, tan ~l ( w / u )
as - surface skin friction line angle, tan ~7

[ ( d w / d y ) y = 0 / ( d u / d y ) y = 0 ]
p = density
0 =azimuthal coordinate, measured from windward

ray of cone
Subscripts
e = boundary-layer edge
t = turbulent
T = total
w = wall
x = axial component
oo = freestream condition upstream of interaction

Introduction

H ISTORICALLY, the scientific community has shown
intense interest in the computation of realistic fluid

dynamic situations such as the flow over control surfaces,
wing-body interactions, and other protuberances on aircraft
and missiles. With the advent of sophisticated computers
equipped with huge memories and the parallel development of
advanced computer codes, the computation of such com-
plicated flows is rapidly approaching the practical state. One
limiting aspect of computer codes is the choice of a turbulence
model. A critical part of the development of any turbulence
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model is its testing against a wide range of experimental
observations. Only after such comparisons are made can a
computer code and its associated turbulence model be
assessed. A major effort at NASA Ames Research Center has
been concerned with devising *'building block" experiments
aimed at providing data of sufficient detail and accuracy to be
used in an evaluation of computer code development.l In
these experiments, which run the gamut from simple two-
dimensional, flat-plate boundary-layer flows to the separated
flow over three-dimensional supercritical wings, both mean
and fluctuating flowfield quantities have been measured.
Complete documentation of the flow is believed necessary for
any meaningful evaluation of a turbulence model.

In a recent paper,2 it was shown that a computer code
employing a relatively simple algebraic turbulence model did
an excellent job of predicting both the surface and mean
flowfield quantities of a complex three-dimensional separated
boundary-layer flow generated by a swept shock wave.
However, the separated flow regions did not include any
reversed flow in the two-dimensional sense. For the present
study an experimental test flow was devised for separated
three-dimensional boundary layers that includes a significant
region of stream wise recirculation. This should provide a
more severe test of the turbulence models employed in the
computer codes.

The present flow is a fairly complicated one in which a
three-dimensional shock wave impinges on and separates a
two-dimensional supersonic turbulent boundary layer. In this
paper, both mean and fluctuating data obtained on the
surface and in the flowfield are presented. Numerical
predictions obtained by solving the Navier-Stokes equations
with an algebraic eddy viscosity turbulence model are
presented and conclusions drawn concerning the relative
abilities of this turbulence model to determine this type of
flow a priori.

Description of Experiment
Facility

The experiment was conducted in Ames Research Center's
high Reynolds number channel. This air-charged blowdown
facility consists of a large settling tank with flow conditioning
screens and interchangeable test sections and nozzles, each
designed to produce a particular flow. For the present study a
supersonic nozzle and a constant-diameter tube (diameter
24.17 cm, length 270 cm) were used. The nominal freestream
test conditions were: total temperature = 278 K; total
pressure = 1.0-9.0 atm; freestream unit Reynolds num-
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ber = 12xl06-110xl06 m"1; and freestream Mach num-
ber =2.2. The useful test time varied from 5 to 60 min
depending on the total pressure.

Test Section
The test configuration shown in Fig. 1 consisted of the

constant-diameter tube and a shock-generator (centerbody)
which was a 15 deg half-angle cone with 6.10 cm base
diameter mounted at a 15 deg angle of attack inside the tube.
The shock generator could move along the centerline of the
tube so the entire pressure gradient region of interest could be
passed over selected measuring stations along the tube. The
present measurements were obtained in a region 280-300 cm
downstream from the nozzle throat. This is sufficiently
downstream to establish a fully developed equilibrium tur-
bulent boundary layer along the tube wall. The interaction of
the three-dimensional shock wave produced by the shock
generator with this boundary layer is the flowfield studied in
this paper.

Instrumentation ports, into which interchangeable plugs
could be inserted, were located at 25.4-cm intervals along the
tube. These instrumentation plugs, 3.81 cm in diameter, were
specially contoured to fit flush with the inner cylindrical
surface of the tube. These plugs were instrumented with
buried skin-friction gages, static pressure taps, and ther-
mocouples, or a survey mechanism built to accommodate
various survey probes. Additional static pressure taps were
also located on a line along the tube at intervals of 5.08 cm
and in the circumferential direction to verify flow symmetry
upstream of the interaction. During a test run, the shock-
generator was moved axially over the measurement locations.
The shock-generator could be rotated between runs so data
could be obtained along any given circumferential position.

The flowfield survey data were taken at sufficiently close
axial stations and vertical distance away from the surface to
fully document the interaction region. Data were collected at
five circumferential locations; 0 = 0, 45, 90, 135, and 180 deg.
Additional details are contained in Ref. 3.

Surface Measurements
The skin friction was measured using the buried wire

technique described in Refs. 3-6. In this experiment two gage
designs were used. One, similar to the buried wire gage
described in Ref. 5 was used on the windward and leeward
rays; the other, a bi-directional gage described in Ref. 6, was
used at all five circumferential locations. The gages were
calibrated in the manner described in Ref. 4. Surface angles
measured from surface oil flow patterns were used to compute
the skin friction in the x direction. Data from the two types of
gages agreed reasonably well when compared on the most
windward and leeward streamlines.

The turbulent fluctuations in both the surface pressure and
skin friction were evident in the raw data obtained from these
gages. Only average values of skin friction will be presented
here. The experimental uncertainty in the surface pressure was
estimated to be ±5%. The skin friction accuracy was
estimated to be ±15% in the region upstream or downstream

CENTERBODY SUPPORT
CENTERBODY

INSTRUMENTATION PORT SURVEY PROBE

Fig. 1 Experimental test setup.

of separation or stream wise recirculation. There are larger
measurement errors in the vicinity of separation.7

Mean-Flow Surveys
Each set of surveys along a particular circumferential data

line was taken during a single test run by pre-positioning the
shock generator at a given axial location and traversing the
boundary layer. Along the windward (0 = 0 deg) and leeward
(</>=180 deg) data planes, velocity, density, and pressure
profiles were obtained from pitot and static pressure surveys.
Total temperature was assumed constant and equal to the
freestream total temperature. Previous measurements8 in-
dicated that total temperature varied less than 0.5% through
the boundary layer. Pitot pressures were measured on the
windward and leeward data planes by a conventional pitot
probe. Pitot pressure on the other data planes (0 = 45, 90, and
135 deg) were obtained using a cobra probe. This probe
consisted of three tubes, side by side, with the two outer tubes
cut at 45 deg to the main flow. The calibration procedure is
similar to that discussed in Ref. 9. Static pressure data were
only obtained on the windward and leeward data planes.

To obtain the flowfield yaw angle in the various data
planes, two different probes were used. One was the cobra
probe just described; the other used dual hot films as the
sensing element. The use of the dual hot-film gage to measure
yaw angles is discussed in Ref. 10. Both probes were
calibrated, then positioned at a = 0 deg in the flowfield in-
teraction regions and the flowfield angles obtained using the
previous calibrations. The angles obtained from both probes
were in excellent agreement. Further details concerning the
probes employed in this investigation are contained in Ref. 3.

The experimental uncertainties in the mean-flow data in the
windward and leeward planes are ± 10% for the static
pressure, ±6% for the static temperature, ± 12% for density,
and ±3% for the velocity. The uncertainties for the mean-
flow data in the other planes are ± 3 % for the pitot pressure
and ±2 deg for the yaw angle. The uncertainty in y is ±0.01
cm.

Fluctuating Measurements
Both single hot-wire and dual-wedge hot-film probes were

used to obtain the three fluctuating velocity components and
turbulent shear stress in the windward and leeward planes.
Fluctuating measurements were made at the same locations
and test conditions as the mean-flow surveys.

A single hot wire supported with an epoxy film was used to
measure mass-flow fluctuations. A dual-wedge film probe
was used to obtain the vertical and transverse velocity fluc-
tuations and turbulent shear stress, as well as the flow angles
in the flowfield. These probes were operated with constant
temperature anemometers. A complete discussion of the
calibration and data reduction techniques used for the
fluctuating measurements is found in Refs. 11-13.

The experimental uncertainties in the fluctuating flowfield
quantities due to the various assumptions employed and
calibration errors are ±15%.

Numerical Simulation
Governing Equations

The differential equations used to describe the mean flow
for this study are the time-dependent, mass-averaged Navier-
Stokes equations for a compressible fluid. Turbulent trans-
port is included through an eddy viscosity hypothesis; that is,
the Reynolds stresses and corresponding heat flux terms are
assumed to be related to the mean-flow velocity and tem-
perature gradients through an eddy transport coefficient that
is simply added to the corresponding molecular transport
coefficient. Zero bulk viscosity is assumed. The perfect gas
equation of state is used to relate the pressure and tem-
perature. The specific heats are assumed constant. Detailed
expressions of these equations in cylindrical coordinates are
presented in Ref. 3.
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Turbulence Model
The turbulence effects are described using an equilibrium

algebraic eddy viscosity model. The expressions for the total
viscosity HT and the total thermal conductivity KT are

fine mesh region). The first point adjacent to the wall is taken
within the viscous sublayer (yn ,< 1.5). The cell

where /x, is the molecular viscosity, pt the turbulent eddy
viscosity, cp the constant pressure specific heat, and Pr and
Prt the molecular and turbulent Prandtl numbers, respec-
tively. In the present investigation \L is obtained from the
Sutherland viscosity relation and Pr and Prt are taken as 0.72
and 0.9, respectively.

The turbulent eddy viscosity used in this study is the
familiar two-layer mixing-length model frequently used for
calculations of two-dimensional flows.14'15 Thus, the eddy
viscosity is expressed in terms of an inner and outer eddy
viscosity function as

' = ̂ inner =
\du dv^
\dy dx

0.0168puedf
[ l + 5 . 5 ( y / d ) 6 ]

if y<yc

if y>yc

where p is the local density, u and v velocities in the
stream wise x and inward radial y directions, respectively. yc is
the first point at which /i,inner exceeds ^/outer. The function £ is
the Prandtl mixing length modified by the van Driest damping
factor. For the present study no corrections for pressure
gradient were applied to this mixing length.16"18 The edge
velocity ue is set to the maximum value of u for y <ymax; ̂ max
being chosen slightly outside of the boundary layer. The
boundary layer thickness 6 appearing in the denominator of
Pouter *s a constant times the compressible displacement
thickness 6*. The value of 6/6* used for this calculation, 3.5,
was obtained from a solution of the boundary-layer equations
for the upstream conditions of this flow. The solutions are not
sensitive to this choice of 6 since it is only used as a damping
factor in /xr 6* is the kinematic displacement thickness. Ex-
pressions for 6* and 6? are given in Ref. 3. It is felt that this
turbulence model which probably contains the dominant
terms and desired characteristics, would serve well as a
reasonable model for this first attempt at computing this flow
and as a basis for future comparison.

Computational Domain
The computational domain selected for this three-

dimensional experiment consists of a cylindrical annulus with
a plane of symmetry through the windward (0 = 0 deg) and
leeward (0= 180 deg) rays. This annular volume encompasses
the fluid between two concentric cylinders 23-cm long whose
radii differ by 6 cm. An exponentially stretched fine mesh is
used near the wall (represented by the larger diameter
cylinder) for resolving that part of the flow where viscous
effects are important; the outer flow (away from the wall),
which is predominantly inviscid, is described using a uniform
coarse mesh. A uniform mesh is also used in the flow
direction (along the axis of the cylinders). The first point in
this direction is taken at 5 cm downstream from the cone tip.
Uniform angles are selected for the mesh points in the cir-
cumferential or azimuthal direction.

In the azimuthal direction the mesh points are at 10-deg
intervals with 20 mesh points covering the region from - 5 to
185 deg. In the x direction 47 mesh points are uniformly
spaced at 0.5 cm intervals. (This problem has also been solved
with a 1.0 cm mesh spacing in the x direction. This coarse
mesh solution showed only minor differences from the fine
mesh solution reported here.) In this study 20 points were
selected normal to the wall (16 of these are in the stretched

closest to the wall is 0.0021 cm thick. The ratio of the size of
adjacent cells in the stretched mesh region is about 1.5 to 1.
Transfer from the fine to the coarse mesh in the y direction
occurred near but within the outer edge of the boundary layer.

Numerical Method
The numerical procedure used here is the basic second-

order, predictor-corrector, finite-difference, time-splitting
method of MacCormack19 modified by the efficient explicit-
implicit-characteristic algorithm of Ref. 20. The
modifications apply near the surface and result from
replacing the basic explicit operator that accounts for the
effects of flux in the y direction with a combination of more
efficient operators. (MacCormack21 calls this numerical
technique a hybrid method.)

Reference 3 contains a detailed explanation of the hybrid
method as applied to this problem as well as the operator
sequencing that enabled the solution to be advanced two time
steps per iteration.

The results presented here were obtained by running the
numerical algorithm with a CFL of 0.9. The calculations took
about 23 s per two-time-step iteration on a CDC 7600 and
about 3 h of total computation time.

Boundary Conditions
At the upstream boundary the total pressure, total tem-

perature, and freestream Mach number are chosen to
correspond to experimental values for the Re/m=l2x\06

m~l case described earlier. In the inflow boundary-layer
region the velocity, density, and temperature profiles are
obtained by a computer solution of the boundary-layer
equations with the eddy viscosity model described previously.
In this solution the displacement thickness 6* as well as the
freestream conditions are matched with the experiment. Also,
at the upstream boundary, the velocities normal to the flow
direction are set to zero and the freestream flow properties are
held constant. Slightly unrealistic inflow conditions, such as
the zero normal velocity, are quickly adjusted by the com-
puter code within a few mesh points in the stream direction.

The boundary conditions at the wall, >> = 0, are
u = v = w= (dT/dy) =0, and a finite difference ap-
proximation to the normal momentum equation at the wall is
used to determine the pressure.3'22 At the downstream
boundary, zero gradient conditions are applicable
throughout.

Across the symmetry plane (i.e., at 0 = 0 and =180 deg)
w = 0; for the other variables, the gradients with respect to $
are set to zero.

Along the interior cylindrical boundary, where fluid can
enter or leave the computational domain, special "subsonic"
boundary conditions have been applied. A solution for in-
viscid supersonic (M=2.2) flow over a 15 deg half-angle cone
at a 15 deg angle of attack was obtained from a numerical
program developed by Kutler23 to provide boundary con-
ditions along the interior boundary. To avoid over specifying
the conditions along this boundary, a time-dependent method
of characteristics is used to determine the characteristic
equations for information transmitted normal to this
boundary.24 The characteristic equation along which in-
formation can reach the interior cylindrical boundary from
within the computational domain is used to generate the
proper boundary condition at each time step.3 Along with this
equation the pressure is assumed known at the boundary and
corresponds to the values determined from the Kutler
program. In addition, the isentropic relation between the
pressure and the speed of sound (or the temperature) is used to
determine the values of T, v and p on the boundary. The
tangential velocities, here u and w, are determined by zero-
order extrapolation for cases when the flow is out of the
control volume (v>0) or held fixed as determined from the
Kutler code when flow is into the control volume (t><0).
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Fig. 2 Surface oil flow pattern.
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Fig. 3 Surface pressure distributions.
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Fig. 4 Surface shear distributions.
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Fig. 5 Contour plot of flowfield angle, 0 = 45 deg.

Results and Discussion
Mean measurements of surface pressures and skin friction

were made in the interaction region at several circumferential
locations at three freestream Reynolds numbers,
Re/m = 12x\06, 37xl06 , and H O x l O 6 m'1 . Mean
fluctuating flowfield quantities were measured at selected
circumferential locations at a Re/m of 12 x 106 m ~l. In this
paper only those results obtained at Re/m = 12 x 106 m ~ l will
be presented. The surface measurements obtained at the other
Reynolds numbers are discussed in Ref. 3.

Experimental Results
The three-dimensional nature of this boundary-layer flow is

evident from the surface oil-flow pattern shown in Fig. 2. The
trace of the shock-wave envelope on the surface is clear, along
with its sweep and disappearance on the leeward side. The
separation (x= 14 cm) and reattachment (x- 16.8 cm) points
along the most windward ray (0 = 0 deg) are shown on this oil-
flow pattern. Surface flow angles were also measured directly
from this flow pattern and are discussed later.

The surface pressures and average values of skin friction
for five circumferential data stations are shown in Figs. 3 and
4, respectively. As one would expect from the oil flow in Fig.
2, as <t> goes from 0 to 180 deg the initial rise in surface
pressure varies with x position, starting at x~ 10 cm at 0 = 0
deg and increasing to jc« 18 cm at <t> = 180 deg. The maximum
surface pressure Pw,max/Pw,oo varies from 1.8 at 0 = 0 deg to
about Pw>max/Pw>00 = 1.5 at 0= 180 deg. There was no clear
indication of a surface pressure plateau which is often used to
imply the existence of stream wise separation. The skin-
friction ratio Cfx/Cfoo varies dramatically at 0 = 0 deg; this
variation diminishes to where Cfx is almost constant at
0=180 deg.

In Fig. 5, a typical contour plot of the yaw angle is given for
0 = 45 deg. One striking feature is that the significant turning
of the flow takes place in a relatively small fluid layer close to
the surface—less than 15% of the boundary-layer height (~4
cm). These high turning angles are confined to the low
momentum fluid which is close to the wall for turbulent
boundary layers. Similar results were also observed in other
three-dimensional flows by Oskam25 and Settles.26

Contour plot of pressure, shear stress, and turbulent energy
are presented in Figs. 6-8. A contour plot ofp/p,, at 0 = 0 deg
is presented in Fig. 6. Also shown in this figure (and the other
contour plots to follow) are features of the flow such as the
incident and "reflected" (separation and recompression)
shocks, and the shape and extent of the separation bubble.
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The flow details are vividly portrayed in this plot, and such
features as the high pressure peak near the confluence of the
incident and separation shocks are evident.

The contour plot of the turbulent shear stress in the
flowfield at 0 = 0 deg is shown in Fig. 7. The shaded area
represents negative turbulent shear stress. These negative
values are surprising since, for the most part, du/dy is
positive in the regions of negative shear stress. This implies
that the eddy-viscosity concept of modeling the shear stress is
not correct in the vicinity of the separation bubble. These
findings, however, may result from the assumptions used in
the data reduction technique rather than from the flowfield.
To obtain the shear stress from a hot-wire measurement in
compressible flow an assumption must be made concerning
the fluctuating pressure and its correlations with velocity and
temperature.13 The assumption employed here was that the
pressure vertical-velocity correlation is negligible. This
assumption may not be valid in the vicinity of a shock wave,
although Johnson and Rose27 have shown its validity both
upstream and downstream of a shock wave. Further tests
employing both a hot wire and a laser velocimeter are required
to validate the present results. However, recent laser
velocimeter measurements28 in the vicinity of a shock wave
have also shown negative values of the shear stress in regions
of the flow where du/dy is positive. Measured values of the
shear stress at 0 = 180 deg showed little variation in the axial
direction.

Contour plots of the turbulent kinetic energy at 0 = 0 and
180 deg are shown in Figs. 8a and 8b. Peak kinetic energies at
0 = 0 deg appear in the region of the convergence of the in-
cident and separation shock and in the region immediately
above the bubble. These peaks are about 50% higher than the
maximum kinetic energy in the undisturbed flow. For several
two-dimensional turbulent boundary-layer, shock-wave
interaction flows, increases in kinetic energy in the interaction
regime over that in the undisturbed flow of 130% at
M^ = 1.44 (Ref. 24), 300% at M^ = 2.25 (Ref. 29), and 400%
at M00=3 (Ref. 30) have been reported. The significant
differences between the large kinetic energy increases ob-
served in two-dimensional flow and the much smaller increase
observed in the present three-dimensional flow investigation
could be attributed to the fact that the two-dimensional flows
are geometrically constrained whereas the present three-
dimensional flow (or perhaps any three-dimensional flow) is
not.

Large differences can be noted in the behavior of the
turbulent shear stress and kinetic energy on the most wind-
ward ray (0 = 0 deg). While the kinetic energy only increased
50% over the maximum upstream values, the shear stress
went through large variations (sometimes negative)
throughout the flowfield; far downstream it still retained
some of its previous interaction region history. On the
leeward data line (0=180 deg) the turbulent kinetic energy
varies slightly from the equilibrium values measured up-
stream.

Numerical Results
Numerical results are compared with experimental

measurements for Re/m= \2x\Q6 m'1 in Figs. 9-13. The
computed surface pressure is compared with the
corresponding experimental results at various axial and
azimuthal positions in Fig. 9. Overall behavior of the pressure
with the position is well predicted by the numerical results as
are the location and magnitude of the peak pressure along
each azimuth. However, the stream wise location of the initial
pressure rise at the smaller values of 0 is not predicted. The
calculations underpredict the initial pressure rise on the
windward side (0 = 0 deg) of the cone and overpredict it on the
leeside (0= 180 deg). Thus, a footprint of the shock on the
surface would show that, relative to the computed shock, the
measured shock would have more downstream curvature with
0 (i.e., the pressure rise begins further upstream for small 0

and further downstream for large 0). The initial pressure rise
is best predicted for 0 = 90 deg, but the associated axial
pressure gradient is less than the measured pressure gradient.

Comparisons between calculated and measured values of
skin friction for various axial and azimuthal locations are
presented in Fig. 10. The overall skin-friction predictions
agree quite well with the experimental measurements.
Variations of the calculated results with 0 and x are in
qualitative (if not quantitative) agreement with the data. The
computation predicts the location and extent of separation on
the windward side (0 = 0 deg) quantitatively well, but predicts
a reverse flow regime slightly upstream of the measurements
at 0 = 45 deg, and predicts reversed flow when none is
measured at 0 = 90 deg. (This was the largest 0 for which the
calculations showed flow reversal.) The overall shape of the
reversed flow region on the surface is correct (moving
downstream with increasing 0), but the numerical results
predict a larger lateral extent than the measurements show.

o EXPERIMENT
—— COMPUTATION

Fig. 9 Surface pressure distribution—comparison of experiment
with computations.

EXPERIMENT
COMPUTATION

Fig. 10 Surface shear distribution—comparison of experiment with
computations.
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Fig. 11 Surface skin-friction line angles—comparison of experiment
with computations.
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Fig. 12 Velocity profiles across the flowfield—comparison of ex-
periment with computations, </> = 0 deg.
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Fig. 13 Flow angles across the flowfield—comparison of experiment
with computations, ^ = 45 deg.

On the leeside little variation in Cf occurs in the flow direction
and the predictions concur.

In Fig. 11 the surface skin-friction angles are compared
with calculated results for <f> = 45 , 90, and 135 deg. This figure
shows qualitative agreement between calculations and
measurements and somewhat illustrates the extent to which
the calculations overpredict the reversed flow region on the
surface.

Calculated and measured velocity profiles at various axial
positions along the windward azimuth are compared in Fig.
12. This comparison shows that upstream and downstream of
the interaction the profile is predicted very well. However, in
the interaction region the profiles are not predicted well. The

differences between the measured and calculated profiles at
x =12, 14 and 16 cm are associated with the pressure dif-
ferences shown along 0 = 0 in Fig. 9. That is, relative to the
computations, the experimental flow has a significantly
higher pressure near the surface for 10<x<15 cm. This
disparity in pressures is possibly due to the simple turbulence
model used in the calculations; however, the lack of
numerical resolution normal to the tunnel axis might also be a
contributing factor. Both these aspects will be investigated in
the future. The comparisons in Fig. 12 also illustrate that the
computed reversed flow region is considerably thinner and the
magnitude of the reversed velocities is less than the ex-
perimental results.

In Fig. 13, a comparison is shown between measured and
calculated flowfield angles at an azimuth of 45 deg. Both the
experiment and the computations show that most of the
turning of the flow occurs near the surface where the flow
angle differences are due to the calculated reversed flow
region being thinner than the measurements indicate. Away
from the surface the relatively larger measured turning angles
at each *,<#> location is a result of the greater thickness of the
experimental reversed flow region. This thickness produces
larger disturbances in the flowfield, resulting in increased
pressure and flow turning angles. This is also the case at the
<t> = 90 and 135 deg positions.3

It should be noted that some of the differences observed
between the calculated and experimental results in Figs. 9 and
12 for this three-dimensional flow are similar to observations
made for two-dimensional flows. That is, when the present
algebraic turbulence model is used for two-dimensional
shock-boundary-layer interaction flows, the calculated
separation region is very shallow and the pressure plateau is
absent in comparison with experimental measurements. 14»31

For these two-dimensional flows, improved results were
obtained when more sophisticated turbulence models were
included in the analysis.14 These multiequation turbulence
models will be included in the calculations for the present flow
in the near future.

Concluding Remarks
To test the validity of existing and proposed computer

codes and their associated turbulence models, an experiment
was devised in which a three-dimensional shock wave im-
pinged on an axisymmetric boundary layer resulting in a
complex three-dimensional separated flow. Sufficient
measurements were made of both mean and fluctuating flow
quantities on the surface and in the flowfield to completely
document the flow. The experimental flow itself was a fairly
complicated one, wherein the three-dimensional shock wave
from a sharp cone at angle of attack at M^ «2.2 interacted
with an axisymmetric turbulent boundary layer resulting in a
large three-dimensional separated flow. The large reversed
flow region along the windward plane (0 = 0 deg) became
progressively smaller and disappeared at about </>«90 deg.
Most of the fluid turning in the flowfield was confined to a
relatively thin layer close to the surface where the low
momentum fluid resides in a turbulent boundary layer.
Another interesting result was the large difference noted in the
behavior of the turbulent shear stress and kinetic energy on
the most windward ray (0 = 0 deg). While the kinetic energy
only increased 50% over the upstream values, the shear stress
went through large variations (sometimes negative)
throughout the flowfield and still retained some of its
previous interaction region history far downstream.

The time-dependent compressible Navier-Stokes equations
were solved for this flow by an efficient mixed explicit-
implicit numerical method. In this solution an algebraic eddy
viscosity model was used to model the turbulence. The
numerical results were in reasonably good agreement with
measurements considering the complexity of the flowfield.
Quantitative differences between the numerical predictions
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and the measurements can be attributed in large measure to
the simple turbulence model used in this study. The dif-
ferences in surface pressure, velocity, skin friction, and flow
angle manifest themselves primarily in the strong interaction
region where the flow is reversed. Similar quantitative dif-
ferences between predictions and measurements have been
observed for two-dimensional flows when a similar turbulence
model was employed. In these two-dimensional cases
markedly improved results were obtained when more versatile
multiequation turbulence models were used. It is expected that
similar improvements would appear in the present
calculations when these more sophisticated turbulence models
are incorporated. This task along with improvements in
numerical resolution is presently being pursued.
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