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Reynolds Number Effects on
Shock-Wave Turbulent Boundary-Layer Interactions
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An experiment is described that tests and guides computations of a shock-wave turbulent boundary-layer
interaction flow over a 20° compression corner at Mach 2.85. Numerical solutions of the time-averaged Navier-
Stokes equations for the entire flow field, employing various turbulence models, are compared with the data.
Each model is evaluated critically by comparisons with the details of the experimental data. Experimental results
for the extent of upstream pressure influence and separation location are compared with numerical predictions
for a wide range of Reynolds numbers and shock-wave strengths.

Nomenclature
A + = Van Driest damping parameter
Cf = skin-friction coefficient
K = von Karman constant
M = Mach number
p = pressure
p+ = dimensionless pressure gradient, (pwnw(dpw/dx)/

(P»TW)3'2

R = reattachment location
Re = Reynolds number
S - separation location
T = temperature
u = component of velocity parallel to model surface
x = distance along model surface measured from corner
y = distance normal to model surface
y + = dimensionless distance from wall, y (PWTW )l/2 /pw
a. = corner angle
(3 = dimensionless pressure gradient, 6* (dp w / dx ) /TW
d = boundary-layer thickness
5* = kinematic boundary-layer displacement thickness
5 * = boundary-layer displacement thickness
Axp = upstream pressure influence parameter, Fig. 13
Axs = upstream extent of separation, Fig. 13
e = eddy viscosity
6 = boundary-layer momentum thickness
p, = molecular viscosity
p = density
T = total shear stress
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Subscripts

0 - initial boundary-layer conditions, ahead of the
interaction

w = wall
oo = freestream conditions, ahead of the interaction
d0 = based on d0

Introduction

W ITH recent developments in computer technology along
with advances in computational fluid dynamics,

routine computations of shock-wave turbulent boundary-
layer interactions are now possible. Examples of these
computations, solving the full time-averaged Navier-Stokes
equations with various proposed turbulence models, are
included in Refs. 1-7. The solutions1"7 have met with various
degrees of success and show that the turbulence models ap-
plicable to zero pressure gradient boundary layers are not
appropriate for shock-wave boundary-layer interaction flows.
The use of an advanced two-equation turbulence modell and
modifed two-layer eddy viscosity models2"7 indicated some
improvement in predicting the experimental results. However,
for most of these comparisons, the lack of sufficiently
detailed experimental data precludes verification of these
turbulence models. The few experiments6'7 in which sufficient
data have been obtained might have the added complication
of separation unsteadiness which could have a significant
influence on the resulting flowfield. To test adequately the
numerical similation of a complex interaction flow, the ex-
periment should include detailed flowfield measurements' as
well as surface measurements.8 The tests also should be
conducted for a wide range of Reynolds numbers and shock-
wave strengths. One such experimental program is in progress
at the Gas Dynamics Laboratory of Princeton University.

This paper combines experimental and numerical methods
to guide and verify turbulence modeling for supersonic shock-
wave boundary-layer-interaction flows. The experimental
documentation of the flow over a two-dimensional 20°
compression corner model at a Mach number 2.85 is described
first. Detailed measurements, consisting of surface pressure,
skin friction, and boundary-layer profiles of pilot, and static
pressure and total temperature were obtained at finely spaced
intervals along the surface of the model. Secondly, ex-
perimental results, including previously obtained data for a
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24° compression corner,9'10 are compared with computations
using the time-dependent, time-averaged Navier-Stokes
equations employing various turbulence models to describe
the shear stress. Each model is evaluated critically and its
deficiencies are described. Finally, experimental results on the
extent of upstream pressure influence and separation location
are compared with numerical predictions for a wide range of
Reynolds numbers and shock-wave strengths.

Description of Experiment
Facility

The experimental part of this study was carried out in the
Princeton University high-Reynolds-number, 8x8 in.
supersonic blowdown wind tunnel. A sketch of this facility
appears in Fig. 1. The compression corner test models were
mounted on the floor of the 20.3-cm2, constant-area duct in
tunnel section 2, at a point 1.17-m downstream of the nozzle
throat. The present tests were performed at a uniform
freestream Mach number of 2.85, a stagnation pressure of 6.8
atm (100 psia), and a stagnation temperature of 280 K(±2%).
The corresponding freestream unit Reynolds number is
6.3xl07/m.

Test Models
Both 20° and 24° compression corner test models (see Fig.

1) were constructed of solid brass. The width of each com-
pression ramp (15.2 cm) allowed gaps at the sides for the
passage of the side wall boundary layers. Aerodynamic fences
were attached to the ramp sides to isolate further the shock-
boundary-layer interaction from sidewall boundary-layer
influences.

Details of the 24° compression corner model, as well as test
results, are treated in an earlier publication.I0 The 20° model,
for which results are presented here for the first time, was
instrumented with 47 surface-pressure taps and 3 surface
thermocouples. Pressure taps were arranged so as to sense
transverse as well as longitudinal pressure gradients. Two
such taps were located in the compression corner itself.

Test Procedure and Accuracy
Detailed flowfield surveys were carried out with probes that

were inserted through the tunnel ceiling, thus approaching the
20° and 24° compression corner interactions from above. In
both cases, all of the probe surveys were made in a vertical
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Fig. 1 Sketch of 8- by 8-in. supersonic wind tunnel and test model.
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Fig. 2 Computational domain.

streamwise plane intersecting the model 1.27 cm to the right
of its centerline.

The flowfields under consideration were surveyed with
static pressure, pitot pressure, total temperature, and Preston
tube probes. The pitot probes had flat tips of 0.18-mm height.
Miniature cone-tipped needle probes, 0.8 mm in diameter and
1.5-cm long, were used for static pressure measurements.
Total temperature was measured using 0.1-mm-diam fine-
wire probes. A reverse pitot probe tip was used in obtaining
reversed-flow data in separated flow regions. Preston tube
measurements were made with tubes ranging in daimeter from
1.6 to 3.2 mm. Details of the data reduction techniques
employed to obtain surface skin friction are given in Ref. 9.

Visualizations of the interaction flow patterns were ob-
tained by way of the standard shadowgraph and monochrome
schlieren techniques, and also by some specialized color
schlieren methods. Surface flow patterns were obtained using
the surface-dot technique and the kerosene-graphite
technique.9'10

The impact of probe interference with the flow was assessed
in a preliminary series of tests in which the surface pressure,
flow pattern, and schlieren image were monitored carefully
for changes when probes were introduced into the flowfield.
Probe interference was found not to be significant.

Mean streamwise velocity profiles were derived from the
combination of pitot pressure, static pressure, and total
temperature profiles at each survey station. The static
pressure profiles are believed to be accurate to within ±4%
except in the immediate vicinity of the shock-wave system.
Estimated accuracies of the pitot and total temperature
profiles are ±2% and dbl l /2%, respectively. Errors in the
mean streamwise velocity profiles derived from these
measurements are believed to be generally within ±5% except
in the separated zone where the measured velocities are ex-
tremely small.

Description of Numerical Simulation
Computational Domain and Boundary Conditions

The mass-averaged Navier-Stokes equations for com-
pressible flow were used to predict the flow throughout the
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Fig. 3 Comparison of computations and surface measurements; a
= 20°,/?^=I.65xl06.
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interaction region. The turbulent Reynolds stress and heat
flux terms in these equations are related to the mean flow
gradients of velocity and temperature by eddy transport
coefficients that are added to the molecular-transport
coefficients. The resulting equations are described in Ref. 3.

The computation domain and the appropriate boundary
conditions are shown in Fig. 2. The mesh is equally spaced in
the x direction; in the y direction, a fine, geometrically
stretched mesh spacing is used near the wall for resolving the
viscous layer with a coarse, equally spaced mesh in the outer
region where viscous effects are negligible. A total of 50 mesh
points in the x direction and 32 points in the y direction (with
23 points in the boundary layer) were used for the present
computations. The upper boundary is located approximately
three boundary-layer thicknesses above the wall to insure
uniform freestream conditions at this height, and the up-
stream boundary is located several boundary-layer thicknesses
ahead of the interaction region. The initial boundary-layer
thicknesses varied from 1.6 to 2.4 cm, depending on the
Reynolds number of the flow. Near the wall, the first mesh
point was placed so as to insure its inclusion within the viscous
sublayer (y+ <7), both upstream and downstream of the
compression corner. These vertical distances varied from
0.18xlO~ 3 to 0 .72xlO~ 3 cm, depending on the Reynolds
number of the flow. In the x direction two mesh spacings were
used, 0.26 and 0.49 cm. The larger mesh spacing was used to
examine the influence of extending the upstream and
downstream boundaries. No differences were observed in the
computed flowfields using the two mesh spacings. For the two
fully documented flowfields, a = 20° and 24°, the ex-
perimentally determined lengths of the separated regions were
1.5 and 4.1 cm, respectively. Thus, the x direction mesh
spacing should be sufficient to resolve the details of the two
separated regions.

The upstream boundary conditions were prescribed by a
combination of uniform freestream conditions and a
boundary-layer program modified by Marvin and Sheaffer11

to calculate turbulent boundary layers. The boundary-layer
program was run for an x distance that insured a match of the
experimentally and numerically determined displacement
thicknesses for each case. The downstream boundary is
positioned far enough aft of the compression corner that all
of the gradients in the flow direction can be set to zero.
Though this condition is not exact, the boundary layer and
outer flowfield in the vicinity of this boundary are mostly
supersonic; hence, it is not expected that this condition will
introduce significant errors in the region of interest. This was
verified by moving the location of this downstream boundary
and observing substantially unchanged numerical results. The
upper boundary is specified by the freestream conditions. The
wall surface is assumed impermeable, and no-slip boundary
conditions are applied with a constant wall temperature.

The numerical method and special numerical procedures
used in the calculation presented herein are described in detail
in Refs. 3 and 12. A new algorithm described by Mac-
Cormack13 also was employed to speed up the computational
time required for each solution. Computation times to achieve
fully converged solutions on a CDC 7600 varied from 5 min

for compression corner angles of 10°, to 12 min for corner
angles of 24°.

Turbulence Models
Four turbulence models were used for the present com-

putations. Each of the first three models is a two-layer eddy
viscosity model using the Prandtl mixing length concept for
the inner region and Clauser's defect law in the outer region.
In the inner layer,

where

t=Ky[l-exp( -y + /A + )] (2)

with K= 0.4 and A + = 26. In the outer region,

eoui,T = 0.0168pued*/I (3)

where /is the Klebanoff intermittency correction factor

.5(y/d)6] (4)

The turbulent heat flux was expressed in terms of the eddy
viscosity assuming a turbulent Prandtlnumber equal to 0.90.
The baseline model is the preceding two-layer eddy-viscosity
model with no corrections for pressure gradient. This model
was consistent with that used in the boundary-layer code to
describe the input conditions as mentioned previously. The
second, a relaxation model, is a modification to the baseline
model to account for upstream turbulence history effects:

where
e
^eq

eo
X

(5)

= turbulence dynamic eddy viscosity
= local equilibrium eddy viscosity evaluated from

Eqs. (l)and(3)
= eddy viscosity at upstream location x0
- relaxation length

This model has been used by many investigators3'6 to solve
separated flow problems. Basically, this model increases the
extent of the upstream influence and separation bubble size,
resulting in larger pressure plateaus. For previous com-
parisons with experimental data, this modification was found
necessary to achieve agreement with experimental pressure
distributions. Both of these models are described in detail by
Hung and MacCormack.3 For the present computations the
relaxation length, which describes the exponential decay of

' .05 -

Fig. 4 Comparison of computations and measurements of the zero-
velocity line; a = 20°, Reb = 1.65 X 106.

Fig. 5 Comparison of computations and measurements of a reversed
flow velocity profile; a = 20°, Reb = 1.65 x 106.
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Fig. 6 Comparison of computations and velocity profile measure-
ments at selected x stations; a = 20°, Re* = 1.65 X 106 .

the eddy viscosity distribution, was assumed to be equal to the
local boundary-layer thickness. The third, a pressure gradient
model, is the baseline model with modifications to the von
Karman and van Driest constants to account for the effects of
both adverse pressure gradient and turbulence memory.

The expression for A + becomes

A + (x) =26/[l + 30.18p + (x) ]
where

P+(x)=\*
J x- 2X6

- [£ - (x-\d) ] 2/2a2 }

The expression for K becomes

K(x) = 0.4 + 0.182257{ 1 -exp[-0.32068 P(x)]}

(6)

(7)

(8)

(9)

(10)

where /?(*71s computed using Eqs. (7-9) by replacing p+ (x)
by @(x). This model, developed by Horstman,14 was shown
to be very successful in predicting attached boundary-layer
flows but had not been applied to separated flows. For the
present computations the lag-length parameter, which
describes the turbulence memory effects due to pressure
gradient, was assumed to be equal to the local boundary-layer
thickness. The results of Ref. 14 indicate that this value of the
lag-length parameter should be appropriate for flows with
separation. Absolute values of TW were employed to define
p+ and/3.

The fourth model is a one-equation eddy viscosity model
which employs a differential equation to describe the tur-
bulent kinetic energy and an algebraic length scale. This
model was developed for incompressible flows by Glushko15

and extended to compressible flows by Rubesin.16 Details of
this model are described by Viegas and Coakley.17 For the
present computations the constants employed are those
suggested by Viegas and Coakley17 (Model BlaO) which gave
good agreement for compressible flat-plate flows.

Results and Discussion
Experiment

The previously obtained experimental results for the 24°
compression corner, which are reproduced here for com-
parison with the numerical computations, were described in
detail elsewhere.9'10 The results for the 20° compression
corner are compared with the computations in Figs. 3-6. The
comparison is described in the following section.

The incoming boundary layer in the 20° experiment was
found to have the following thickness parameters: 50 = 23.9
mm, 60 = 7.33 mm, and 00 = 1.19 mm. In transformed

Fig. 7 Surface-streak flow pattern on the 20° compression corner
model.

Fig. 8 Flowfield shadowgram of the shock boundary-layer in-
teraction at the 20° compression corner.

coordinates, its profile compared closely with the known form
of an equilibrium turbulent boundary layer in incompressible
flow.

The surface streak pattern shown in Fig. 7 clearly indicates
the locations of the flow separation S and the reattachment R
lines relative to the 20° compression corner (x/50 = Q). The
directions of the streaks between these two lines illustrate the
fact that the flow near the model surface is in a direction
opposite to that of the freestream. Also, the separation and
reattachment lines in Fig. 7 are found to be essentially straight
over more than 90% of the model's span, supporting the
assumption that the interaction is two dimensional.

Two dimensionality also is supported strongly by the
favorable comparison of upstream influence and other
parameters with the trends of data obtained from smaller-
angle compression corner flows of known two dimen-
sionality.9 Relatively small transverse surface pressure
variations and the interchangeability of aerodynamic fences
further support the assumption of two-dimensional flow, as
does the 12:1 aspect ratio of the separated flow region.

Figure 8 presents a typical microsecond-exposure
shadowgram of the shock/boundary-layer interaction caused
by the 20° compression corner. (This photograph was made
without aerodynamic fences in place.) The incoming turbulent
boundary layer is seen to undergo a fan of compression waves
originating near the surface at about xlb0-l/2. Outside the
boundary layer this compression fan coalesces into a single
oblique shock wave. The outgoing boundary layer has a
reduced thickness and a visibly greater activity of turbulent
density fluctuations. The apparently weaker oblique shock
lying parallel to and 1 /2d0 downstream of the main shock is
actually only an artifact caused by the intersection of the main
shock with the wind-tunnel windows.
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A sequence of several consecutive spark shadowgrams was
obtained during a single test run in order to evaluate the
magnitude of any unsteadiness in the flowfield. Motions and
ripples of the flow pattern were noticed only to the extent of
1/1060 or less. The scale of these fluctuations is 2% or less of
the overall scale of the interaction, and thus is not considered
further.

The 20° compression corner surface pressure distribution,
as given in Fig. 3, reaches the theoretical inviscid level for a
20°, M=2.85 turn between jt/60=4 and 5. The well-known
"kink" in the distribution, indicative of flow separation, is
found near the compression corner. However, no outright
pressure "plateau" appears. The skin-friction coefficient, as
determined from Preston tube readings, is zero at
longitudinal points corresponding to the separation and
reattachment line locations in Fig. 7,

The shape and location of the zero mean velocity line in the
separated region is shown in Fig. 4. As in the 24° corner tests,
present 20° results show a greater distance from corner-to-
separation than from corner-to-reattachment. However, the
20° zero-velocity line is more convex, or bubble-shaped, than
the nearly linear zero-velocity line of the 24° compression
corner flow. The reversed-flow velocity profile at the com-
pression corner, shown in detail in Fig. 5, tends toward a
maximum velocity of 0.1!««, near the model surface.

Finally, mean streamwise velocity profiles throughout the
20° flowfield are summarized in Fig. 6. The incoming
equilibrium turbulent boundary layer is retarded severely by
the adverse pressure gradient of the interaction, but recovers
rapidly downstream of the reattachment line. The velocity
profile at ;c/60 = 3.19, although still somewhat retarded
between Q.l<y/50<0.5, is otherwise quite similar to the
incoming profile. Throughout the region downstream of the
compression corner, small gradients in static pressure normal

Fig. 9 Comparison of computations and surface measurements;
<x = 24°,Red =1.33xl06.

Fig. 10 Comparison of computations and measurements of the zero-
velocity line; a = 24°, Re* = 1.33 x 106.

to the model surface were found. These gradients decayed
somewhat in the downstream direction, but had not disap-
peared completely at the downstream end of the compression
ramp. Similar results were observed earlier in the 24° com-
pression corner tests.10

Comparison of Numerical Simulation and Experiment
Results of the computation solving the complete time-

averaged Navier-Stokes equations using the various tur-
bulence models are compared with the present experimental
data for the 20° ramp in Figs. 3-6 and with previous data9'10

for the 24° ramp in Figs. 9-12. Comparisons are made for the
wall pressure and skin-friction distributions (Figs. 3 and 9),
zero-velocity line shapes (Figs. 4 and 10), reversed mean
velocity profiles at the corner (Figs. 5 and 11), and several
mean velocity profiles throughout the flowfield (Figs. 6 and
12). (The symbol key shown in Fig. 3 indicating the various
computations is also appropriate for the remaining figures.)
In general, the comparisons of the various computations and
the data show similar results for the two ramp angles,
although the extent of separation is significantly different for
the two flowfields.

The computations employing the baseline model predict the
qualitative features of the two flows reasonably well, con-
sidering the simplicity of the turbulence model, but a closer
examination of the comparisons points out the deficiencies of
the computations. The overall pressure rise is predicted well
but the locations of the initial rise in pressure are not. Also the
computations do not predict a pressure "plateau." Com-
paring the skin-friction results, the computations predict the
locations of separation well but do not predict the reat-
tachment locations and substantially underpredict the skin
friction downstream of reattachment. Comparing the zero-
velocity line shapes, the computations using the baseline
model underpredict the initial heights and give the incorrect
shapes. These results are consistent with the lack of a
predicted pressure plateau; a larger initial separation bubble
size would result in a pressure plateau. Comparison of the
velocity distributions in the separation bubble shows that the
computations agree reasonably well with the data but show a
larger negative velocity close to the wall. The remaining
comparisons with the experimental velocity distributions
show general disagreement except for the undisturbed up-
stream profile. The large disagreements far downstream of
the interaction region could have serious consequences for
predicting a flow where more than one interaction takes place.

Previous authors2'3 have used the relaxation model to
improve the numerical simulation of separated corner flows.
Their comparisons were based primarily on the experimental
pressure distributions and separation location. The present
computations employing the relaxation model also show an
improvement in predicting the pressure distribution. Good
agreement also is achieved for the velocity profiles at
separation. However, downstream of the corner the results
obtained with this model are not as good as those obtained
with the baseline model. For the velocity profile comparisons
(Figs. 6 and 12), the results obtained using the various tur-
bulence models are shown only where they differ from the
results using the baseline model. It also is noted that the
computations overpredict the pressure plateau level. Larger
values of the relaxation length do not alter this level, although
they do increase the extent of upstream influence. Previous
comparisons2'3 with experimental data obtained at similar
Mach numbers but at much lower Reynolds numbers (Red0 =
0.14xl06) have shown good agreement between the
calculated and measured plateau pressure levels. Perhaps this
agreement was fortuitous.

The computations employing the pressure gradient model
do an excellent job in predicting the skin-friction levels far
downstream of reattachment and are in better agreement with
the experiments than the baseline model so far as the location
of reattachment is concerned. However, the computed
velocity profiles are still in substantial disagreement with the
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Pw/Pi

Fig. II Comparison of computations asid measurements of
reversed flow velocity profile; a = 24% Re6 = 1.33 X 106.
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0.0 0.48 2.89 6.75

Fig. 12 Comparison of computations and velocity profile
measurements at selected x stations; a = 24°, Reb = 1.33 X106 .

experimental results and only slightly better than those for the
baseline model. This is because the pressure gradient
corrections only were applied to the turbulence model in the
region close to the wall. During this investigation, attempts
have been made to alter the turbulence model in the outer
region of the boundary layer to account for pressure gradient
effects, but with little improvement.

Computations employing the kinetic energy turbulence
model show significant improvement over the baseline model
results at and downstream of reattachment. Both the
predicted skin-friction levels and velocity profiles are in better
agreement with the experimental results than the baseline
model predictions. However, in the separated zone, the
kinetic energy model results predict a much smaller bubble
height and extent of upstream pressure influence than ex-
perimentally measured. Previous results17 employing the
kinetic energy model for calculating separated flows also
showed improved agreement with experimental results
downstream of reattachment. Although the computations
may be satisfactory for engineering purposes, it is clear that
the details of the flowfield are not being simulated correctly
numerically.

The preceding comparisons clearly point out the advantages
of a fully documented experiment for testing a turbulence
model. Although some turbulence models may do an excellent
job of predicting one particular type of measurement, such as
the wall pressure or skin-friction distribution, none of them
adequately predicts the velocity distribution throughout the
flowfield for these particular experimental data. These results
indicate that the four turbulence models considered all have

I——*» x/60

Fig. 13 Definition of geometric distances.

EXPERIMENT
O a = 10°
O 16°
a 20°

BASELINE
MODEL

— — — RELAXATION
MODEL

\— — KINETIC ENERGY
MODEL

Fig. 14 Comparison of computations and measurements of the
effect of Reynolds number on separation length.

significant deficiencies, although the baseline model does
predict the separation location correctly and the pressure
gradient model predicts skin friction reasonably well. The
turbulent kinetic energy model aso predicts skin friction
reasonably well in addition to being the only model con-
sidered to show improved agreement with the downstream
velocity profiles. In the separated zone, it is difficult to choose
a best model because the differences obtained using the
various models are probably within the accuracy of the data
except for the separation and reattachment locations. The
primary disagreement between the computations and the
experiment is found in the flowfield at reattachment and
downstream. The one-equation kinetic energy model shows
the best agreement in this region. Perhaps a two-equation
model which calculates the length scale such as employed by
Wilcox! would provide better agreement with the experiment.

Prediction of Reynolds Number and Corner Angle Effects
Since the previous detailed comparisons indicate that the

separation location can be predicted reasonably well, it is of
interest to test this prediction against the Princeton ex-
periments for a wide range of Reynolds numbers and corner
angles. Separation locations and other data have been ob-
tained9'18 for variations in Reynolds number based on
boundary-layer thickness from 0.5 to 8.Ox 106 and for corner
angle variations from 10° to 24°. Solutions employing the
baseline, relaxation, and kinetic energy turbulence models
have been obtained for the range of experimental test con-
ditions. Two calculated parameters are compared with the
experimental test results-the extent of upstream pressure
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EXPERIMENT
o a = 10°
O 16°
Q 20°

——— BASELINE MODEL
— - - - RELAXATION MODEL
—— — KINETIC ENERGY MODEL

Q Q

Fig. 15 Comparison of computations and measurements of the
effect of Reynolds number on the extent of upstream pressure in-
fluence.

influence Axp and the extent of separation A*5 ahead of the
corner. These parameters are defined in Fig. 13.

The computed extent of separation using the baseline model
as a function of Reynolds number and corner angle is com-
pared with the experimental values in Fig. 14. For a corner
angle of 20° there is excellent agreement over the entire
Reynolds number range. For the lower corner angles, the
computations predict a larger separation distance than was
found experimentally. Also shown are the results using the
relaxation and kinetic energy models. These results show
similar Reynolds number trends but the relaxation model
results overpredict the data and the kinetic energy model
results underpredict the data at a = 20°.

The computed upstream extent of the interaction pressure
rise is compared with experimental values in Fig. 15. It is seen
that trends with Reynolds number are predicted well with all
three models but only the relaxation model predicts the
correct magnitude. Previous comparison with other ex-
perimental data2'4 have shown that larger relaxation lengths
(up to 106) were required to match experimental pressure
data. A few computations have been obtained for the present
conditions at relaxation lengths up to 56. The resulting values
of Axp were increased up to 50%.

Concluding Remarks
A detailed experimental documentation of the mean flow

throughout a shock-wave, boundary-layer interaction has
been presented. These data were of sufficient detail and
quality to assess the validity of numerical simulations and to
guide turbulence model changes.

Numerical solutions, employing the full time-averaged
Navier-Stokes equations along with various eddy-viscosity
models, have been compared with the details of the measured
flowfields. Computations employing the baseline turbulence
model gave reasonable agreement with the experiment for the
location of separation and the overall pressure rise. However,
the reattachment location and the flowfield downstream of
reattachment were in significant disagreement with the
measurements. Use of a relaxation model slightly improved
the agreement with the experiment at separation but gave
worse results downstream. Inclusion of a pressure gradient
correction provided better agreement with experimental skin-
friction results but failed correctly to predict the downstream
flowfield profiles. Each algebraic eddy-viscosity model tested
here appeared seriously to overestimate the downstream
distance required for the recovery of the boundary layer from
the effects of the interaction. The one-equation kinetic energy
model showed significant improvement over the algebraic
models in this respect but did not predict correctly the details
of the separated flowfields. The authors believe that further
improvement will be obtained only with the use of more
advanced turbulence models that have, if possible, a more
realistic relationship to the physics of turbulence itself.

Numerical solutions employing three of the present tur-
bulence models also have been compared with the ex-
perimental results on the extent of upstream pressure in-
fluence and separation over a wide range of Reynolds
numbers and corner angles. It has been shown, at least for
large corner angles, that the effects of Reynolds number are
predicted correctly. Unfortunately, the numerical results are
not well suited for the determination of incipient separation
angles, which are functions of the grid spacing; and that step
has not been attempted here.
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