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Interactions Between Shock Wave and Hypersonic Laminar
Boundary Layer Near Convex Corner

R. J. Hawboldt,* P. A. Sullivan,’ and J. J. Gottlieb*
University of Toronto, Toronto, Ontario M3H 576, Canada

A hypersonic gun tunnel was used to investigate a Mach 8 laminar boundary layer interacting with an externally
generated shock wave impinging in the neighborhood of a convex corner. Surface static pressure measurements
and schlieren photographs were taken from planar models with corner angles of 5 and 10 deg; the shock generator
was set to the same angles. The results are compared with data obtained in the same tunnel for an externally
generated shock impinging on a flat-plate boundary layer, and for a boundary layer interacting with a corner-
expansion wave. When separation and reattachment both occur either upstream or downstream of the corner, the
5- and 10-deg interactions have similar properties; however, they differ markedly when separation is upstream and
reattachment is downstream. The results also suggest that a convex corner will not completely suppress separation
caused by an externally generated shock, even when impingement is close to the corner. However, the extent of
separation is minimized when the separation point is located at the corner, corresponding to shock impingement
2-4 boundary-layer thicknesses downstream of the corner. Nevertheless, the overall interaction length still extends

over many boundary-layer thicknesses.

Nomenclature

= Chapman-Rubesin constant, p,ft./ oy tw

= skin-friction coefficient

= dimensionless plateau length (using free-interaction
scale)

= dimensionless plateaun length (using &y)

= plateau length, mm

= Mach number

= free-interaction pressure scaling

= static pressure measured at model surface, kPa

= Reynolds number based on x1 g and conditions behind
oblique shock corresponding to «

= dimensionless separation length, s/ lgp

= separation length, mm

= temperature, K

= time, s

= nominal tunnel operating interval, s

= free-interaction length scale

= distance from convex corner (positive in downstream
direction), mm

= distance from leading edge, mm; x = x;5 — xg;

= inclination relative to freestream of plate upstream of
corner, deg

= specific heat ratio of gas

= boundary-layer thickness, mm

= effective flow turning angle of external shock, deg

= convex corner angle, deg

= dynamic viscosity of gas, Ns/m?

= gas density, kg/m?

= standard deviation of unsteadiness in p/pgp during ¢z

constant in Eq. (2)

= viscous interaction parameter, M3, /(C/Re)
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Subscripts
c = at convex corner
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= time delay between reservoir and test-section processes
= tunnel freestream value
= beginning of the interaction

d = downstream of the interaction
e = at edge of the boundary layer
FP = flat plate

I = at shock impingement point
)/ = freestream pitot conditions

pe = atend of the plateau region

pl = plateau

r = reattachment

s = separation

T = stagnation value (in tunnel reservoir)
w = wall

A

0

0

Introduction

IR-BREATHING hypersonic propulsion systems will involve
inlets in which a boundary layer develops on a long external
compression surface, after which a cowl-generated oblique shock
wave turns it around a convex corner into the engine. Ideally, this
shock is canceled at the corner; but boundary layers cannot sus-
tain large adverse pressure gradients, so that separation is possi-
ble. Even without separation, the interaction between a hypersonic
boundary layer and an incident shock or a corner-expansion wave
can extend over many boundary-layer thicknesses, thus modifying
the effective corner geometry. While interactions between shock
waves and boundary layers have been the subject of extensive ex-
perimental and theoretical studies in both the laminar and turbulent
flow regimes,!? this work has examined geometries such as a con-
cave corner, forward- and backward-facing steps, and a flat plate
with an externally generated impinging shock. We describe here an
experimental investigation of the combined effect of an externally
generated shock wave and a convex corner on a hypersonic laminar
boundary layer. Our objective is to compare the onset and extent of
separation with that of a flat-plate boundary-layer interaction.
Little has been published on the effect of an expansion corner on
a shock-wave-boundary-layer interaction. In 1979, Chew?® reported
experiments at M, = 2.5 for an adiabatic turbulent boundary layer
flowing over a convex corner having 6, = 6 deg with impinging
shock turning angles 6, = 4, 6, and 8 deg. The shock impingement
point x; was moved from well upstream to well downstream of the
comner. Recently, Chung and Lu* examined the response of Mach 8
turbulent-boundary-layer interactions to an externally generated
shock impinging within one boundary-layer thickness &, upstream
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Fig. 1 Configuration of model used in tests. The angle 8, is the turning
angle of the shock-generator wave at the point of impingement on the
flat-plate-expansion-corner flow.

and downstream of a convex corner. The range of these experiments
was insufficient to observe the relationship between the interac-
tion length scales, the location of shock impingement with respect
to the corner, and the overall pressure rise across the interaction.
Dolling and Ginoux® investigated a related geometry: a circular-
arc expansion ramp immediately downstream of a concave corner.
Their results, which included both momentum-integral predictions
for a range of M, and experiments at M,, = 5.5, showed that the
ramp radius significantly affected both the magnitude of the pressure
rise through reattachment and the overall length of the interaction.

The present experiments used a hypersonic gun tunnel, which
generates open-jet, Mach 8.3 flows with run times ranging from
8 to 40 ms. The model used in the tests is depicted in Fig. 1. A
laminar boundary layer develops on a flat plate, and this flow then
interacts with corners having 6. = 5.1 and 10.0 deg. An oblique
shock is generated by an inclined flat plate located above the corner;
it is mounted so that 8, is as close as possible to 8., and so that x;
can be moved relative to the corner.

Experiments on interactions in gun tunnels and similar facilities
encounter a2 number of well-known problems. These include the
choice of instrumentation to reliably detect the onset and extent
of separation, premature transition of boundary layers, and edge
effects associated with the use of planar models. In relation to the
first problem, surface static pressure measurements are the easi-
est to obtain reliably in such facilities, but they reveal nothing about
the flow away from the model surface; furthermore, the separa-
tion and reattachment points can be difficult to locate.? However,
when schlieren photography is combined with surface static pres-
sure measurements, much can be learned about the overall flowfield,
and the interaction length scales can be determined. This approach is
adopted here, with the free-interaction concept’ employed to assist
in locating the separation point. i

Data obtained previously in a gun tunnel having operating con-
ditions close to those of the present facility® indicated that, at the
lowest test-section Reynolds number Re attainable, the interactions
should be laminar but close to transition. The onset of boundary-
layer transition significantly affects the interaction between a shock
wave and a boundary layer; furthermore, the disturbance of the shock
may itself be sufficient to cause transition. If the flow is separated and
transition occurs between separation and reattachment, the length of
the interaction is reduced and the pressure gradient through reattach-
ment is increased.®® However, the pressure rise through separation
is not affected by transition until the latter occurs near the sepa-
ration point.!®!! An additional complication is that noise radiated
by the tunnel’s nozzle boundary layer can reduce the transition Re
substantially below that corresponding to free flight.!? Therefore
the onset of transition can depend on the peculiarities of a given
facility, with smaller tunnels tending to be noisier. Furthermore,
instabilities similar to Taylor—Gortler vortices can develop in the
reattachment region of separated boundary layers. These instabili-
ties have been attributed to irregularities in the model leading-edge
thickness.!*!# In particular, sharp leading edges necessarily have
some variation in thickness and are thus more likely to produce this
type of disturbance. - .

In view of these questions, the program finally adopted proceeded
in two phases. In the first phase, exploratory models were built to
facilitate design of the static-pressure-tap geometry, and to permit
a preliminary investigation of transitional and model edge effects.
A refined model was then built to obtain the more detailed data
presented here. Data obtained from both flat-plate interactions and
convex-corner-expansion flows are used to help interpret the results.

LA BN SN BLAL A SN (L L (N LI G S
-

(oqy) d

QO =ttt} + 440
= 0t 3
- Averaging E
= - interval 3
o) NN AT IR TR T

o} 0005 00I0 Q015 0020 0025

TIME (s)

Fig. 2 Stagnation and static pressure histories for a typical experi-
ment.

Experimental Program
Tunnel Conditions, Model, and Instrumentation

Figure 2 shows typical histories of the tunnel reservoir pressure
pr(t) and a static pressure p(t) recorded on the model used in the
present tests. This illustrates that considerable variation in pr can
occur during the nominal operating interval ¢, which, in Fig. 2, is
between 15 and 19 ms after the data acquisition system is triggered.
However, pr averaged over ¢z is repeatable from run to run, being
24 £ 1 MPa for the present tests. We infer from both approximate
calculations based on pr histories® and a numerical simulation of
the tunnel operation!® that the mean stagnation temperature Ty =
1300+ 50 K.

Test-section pitot pressure histories p,(t) replicate closely the
details of the unsteadiness in pr(f). Moreover, by aligning corre-
sponding features of the two records to determine a time delay 75
associated with the propagation time from reservoir to test section,
we find that the ratio p,(t 4+ tA)/pr(¢) remains virtually constant
during tg; typically, for one tunnel run at 77 = 1150 K, a linear fit
to this ratio showed an overall increase of 2.1% during zz, with local
fluctuations about this fit corresponding to a standard deviation of
0.8%. This and similar observations suggest that the flow generated
in the test section may be assumed quasisteady. Furthermore, when
averaged over I, p,/pr is repeatable from run to run; typically
a sequence of 18 runs for Tr = 950 K gave a standard deviation
of 0.81%. This quasisteadiness and repeatability played a key role
in the present investigation; a pressure survey of any given config-
uration required several tunnel runs, and unsteadiness inherent in
the phenomena being investigated could be distinguished from that
associated with tunnel processes.

The numerical simulation'> of the tunnel operation included
nonequilibrium vibration and dissociation phenomena in air; it pre-
dicts that, owing to vibrational freezing of the nitrogen molecules,
the flow in the tunnel nozzle may be taken as calorically perfect with
y = 1.4, Based on this assumption, we estimate M, to be 8.3+0.05,
and the corresponding unit Re = 20 x 10 m~!. The inviscid-core
diameter is about 140 mm.

The refined convex-corner model was formed by connecting two
flat-plate sections to either side of a corner block. It was 133 mm
wide, with 73 mm from the sharp leading edge to the convex corner,
and 188 mm from the corner to the trailing edge. The static pressure
taps were 0.81 mm in diameter, spaced 2.38 mm apart in the corner
region and 4.76 mm near the leading and trailing edges. They were
located 2.38 mm on each side of the centerline. The section upstream
of the corner was inclined at & = 1.3 & 0.05 deg to the freestream,
so that the effective Mach number downstream of the bow shock is
Mgp = 8.0; the unit Re == 21 x 10° m~!, The shock generator was
adjusted so that 8, was within 0.1 deg of 6,..

Static pressures were measured with a variety of piezoresistive
pressure transducers with ranges from 30 to 100 kPa. The out-
put signals were conditioned and amplified by proprietary signal
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Fig. 3 Measured pressure distribution on the flat plate compared with
predictions of the theory of Ref. 16 for viscous-inviscid interaction ex-
tendijng from the leading edge. The quantity Egms is the root-mean-
square deviation of the measurements about the theory.

conditioners and filtered at a cutoff frequency of 20 kHz. The his-
tory of pr was measured at the end of the gun-tunnel compression
tube with a piezoelectric pressure transducer. All pressure histories
were recorded digitally at 250 kHz. The combined measurement
uncertainty of p/ pr, including the pressure transducers, signal con-
ditioners, and data acquisition system, was +2%.

The schlieren system employed a modified camera flash as its
light source. The flash duration was about 250 yis, or about the time
required for a fluid particle to travel about 1.5 model chords. Because
the tunnel freestream had high-frequency unsteadiness, the resulting
photograph was thus a time-averaged record of the flowfield.

Interpretation of Pressure Histories

All static pressures measured on the model were normalized us-
ing the procedure adopted for pitot pressures. An example is given
in Fig. 2; as can be seen, p(t +1ta)/ pr(t) is effectively constant. As
atest of the reliability of this procedure, with the shock generator re-
moved, the flat-plate model was inclined to the flow at o = 1.3 deg
and the surface pressures were measured. They were then com-
pared with predictions of an approximate theory of Sullivan'® for the
viscous—inviscid interaction extending from the leading edge. This
theory is based on the cold-wall similarity concept for the bound-
ary layer and the tangent-wedge rule for inviscid flow. The results
are presented in Fig. 3; p was measured at certain locations on the
plate as many as 10 times. The root-mean-square deviation of the
measurements about Sullivan’s solution is 1.8%. Notwithstanding
the repeatability implied by these results, as a control in subsequent
experiments, pressure measurements were repeated from run to run
for at least one station on the model, with additional repetitions
being made in high-gradient regions.

Schlieren photographs were analyzed using an optical compara-
tor; this enabled model angles to be measured to within £0.01 deg,
and shock angles to within £:0.25 deg. Estimates of shock angles
were further refined to an accuracy of 0.1 deg by using measured
pressure jumps in conjunction with the standard oblique shock for-
mulas. The photographs, in conjunction with the static pressure dis-
tributions, were also used to locate the major features of separated
regions, such as the shock impingement point and separation point.

Effects of Boundary-Layer Transition )

In investigating boundary-layer phenomena close to transition,
if the experimental results for models with slight configuration
changes are to be compared, it seems prudent to replicate as closely
as possible as many parameters that influence transition. These in-
clude Rey = Re(xrgp), the model leading-edge bluntness, and the
wall temperature, as well as the orientation and position of the model
with respect to the wind-tunnel nozzle. Since there was a large vari-
ation in x;, Rey varied by a factor of 2. Also, in order to minimize
entropy-layer effects, the leading edge was sharpened as much as
possible, even though this increased the possibility of boundary-
layer instabilities developing during reattachment. '

It is not possible to reliably detect the onset of boundary-layer
transition using surface static pressure measurements and schlieren
flow visualization.” However, surface-flow visualization combined
with static pressure history measurements!’ on one exploratory
model showed that, when transition began near separation, the sep-
aration point oscillated or moved downstream during ¢z. Therefore
the interactions were located as close as possible to the model lead-
ing edge in order to minimize Rey, and thus to prevent transition
from affecting the flow near the free-interaction region. In most
cases this was accomplished.

Model Edge Effects

Tests for model edge effects focused on two aspects: disturbances
created by the instrumentation housing and supporting system on
the model underside, and leakage from separated regions into the
freestream. These tests used two exploratory models to determine a
suitable width.!” The first was a flat plate having pressure taps across
its span at x g = 102 and 203 mm. For this model ¢ = 4 deg, so that
D/ P Was about 2.2, close to the plateau pressure in the study. As the
plate width was reduced from 152 to 114 mm, at x; 5 = 102 mm the
influence of the edge on the spanwise pressure distribution extended
inward 25 mm from the model edges, with the rest of the distribu-
tion remaining constant and equal to the centerline value. The sec-
ond exploratory model consisted of a 10.0-deg convex cornier with
a 10.0-deg shock generator located so that a large separated region
was generated upstream of the corner. The width of this model was
reduced in steps from 127 to 76 mm. Both the centerline pressure
distribution through the entire interaction and the interaction length
remained constant until the width was 76 mm, and then the extent of
separation decreased significantly. This decrease was the only sig-
nificant difference in the pressure distribution, indicating that it was
the most sensitive indicator of the presence of edge effects and that
the present model width of 133 mm was adequate. To eliminate the
effects of disturbances created by model supports and instrumenta-
tion, the refined model included 51-mm skirts extending towards its
underside.

Interaction Length Scales

To quantify the effect of the convex corner on the interaction,
we determined the effect of the shock impingement position rela-
tive to the corner x; on a suitable measure of the interaction length,
and then compared this length with its equivalent for a flat-plate
interaction. The important features of a flat-plate interaction are de-
picted in Fig. 4. We chose the distance between the separation point
and the end of the pressure plateau, the plateau length / depicted in
Fig. 4, as the interaction length scale, because, using the procedure

Incident

/ Shock
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Fig. 4 Sketch of an incident shock interacting with a flat-plate hyper-
sonic boundary layer.
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outlined below, in most cases it could be readily measured to within
+1 mm. The separation length s—the distance between the sepa-
ration and reattachment points—was also estimated. However, be-
cause it is difficult to locate reattachment precisely using pressure
measurements,!! we consider s to be a less reliable measure of the
interaction length.

Separation points x, were located using the static pressure data
in conjunction with schlieren photographs and, whenever possible,
using the free-interaction concept. According to this concept, both
the pressure distribution through the free-interaction region and the
location of separation depend only on the state of the approach-
ing boundary layer, and not on the mechanism causing separation.
Furthermore, they can be predicted by a semiempirical correlation’®
using suitable scaled coordinates.”*  The pressure coordinate is™'?

1

p_ 2p—po) (M5 —1)° W

Y M(% Do C fo

and the length coordinate for a nonadiabatic wall is, according to
Curle,'®

2
xe —xeo My To
xeo /%0 Tw

Katzer?® noted that, depending on the analysis technique used, the
reported value of P in Eq. (1) corresponding to separation, P, ranges
from 1.15 to 1.45. We chose P, = 1.25; for the range of P; given
by Katzer, and for the flow conditions considered here, the corre-
sponding uncertainty in x, is 0.5 mm. The constant in Eq. (2)
was determined by using the procedures suggested in Ref. 11.

The end of the plateau, x,,, was located by visually fitting straight
lines to the pressure distributions in the plateau region and to the
steepest part of the reattachment region. Then, as shown in Fig. 4,
Xpe 18 defined as the intersection of these lines. To estimate a nomi-
nal x,, following suggestions discussed by Charwat,!! we assumed
that reattachment occurs at 50% of the pressure rise between the
plateau and the maximum pressures. However, as Charwat notes,
this approach cannot be considered to be as reliable as its equiva-
lent for separation in a free interaction, especially for the present
configuration. Finally, I = Xpe — X; and s = x, — x;.

Because the length of the interaction depends on the state of the
boundary layer immediately upstream, to make the comparisons at-
tempted here, one should ideally keep xLgo the same for all cases.
For the present tests this was not feasible; x; gy varied by a factor of 2.
Furthermore, as the results in Fig. 3 show, the effect of leading-edge
viscous—inviscid interaction could not be completely neglected. To
compensate for the latter effect, the measured p/pr distribution
through each interaction was normalized by the pressure distribu-
tion on a flat plate predicted by Sullivan’s theory.'® To compensate
for the effect of variation in x; g, we note that, while the validity of
the scaling in the free-interaction region has been verified, no corre-
sponding consensus exists for the overall interaction length scale.?
Therefore, to facilitate comparison of the measured / with its fiat-
plate equivalent for such a large variation in xigo, [ Was nondimen-
sionalized in two ways: the first used 8o, and the second used Eq. (2).

We consider 8, suitable because many of the factors that affect
the interaction length also affect §; in a qualitatively similar man-
ner. However, it could not be accurately measured in the present
experiments; hence it was estimated using Sullivan’s solution'® in
conjunction with schlieren photographs. For interactions occurring
downstream of the corner, by using the measured value of py rather
than xgo, 8o was determined from Sullivan’s solution, which in-
cludes the effect of the corner-expansion wave. The resulting nondi-
mensional plateau length is L' = 1/8p.

In using Eq. (2), we replace x g — Xgo With the plateau length
1, giving the nondimensional plateau length L. Like &y, it charac-
terizes the incoming flat-plate boundary layer; furthermore, it can
be determined from the data collected in the experiments more ac-
curately than can 8. When the interaction begins downstream of
the convex corner, the values of My and x¢ correspond to the flat-
plate boundary-layer conditions at the same xrgo. This procedure
simplifies comparison because it eliminates the need for detailed

X=¢ )]

knowledge of the accelerating boundary layer in the immediate re-
gion of the corner. However, the free-interaction length scale cannot
be assumed applicable when the interaction begins downstream of
the comer.

To facilitate comparison with the flat-plate results, L and L’ were
normalized by the flat-plate equivalents, Lgp and L, resulting from
the same 6,. This procedure clearly reveals the effect of the prox-
imity of the convex corner to the interaction. Furthermore, the data
were presented in this form because it compensates for two potentiat
sources of error. The first stems from any arbitrariness in the meth-
ods used to determine 7, such as that associated with the choice of
constants in Egs. (1) and (2). The second arises from possible tran-
sitional effects downstream of separation in reducing /.

Results

Representative results for the three model geometries are pre-
sented in the following. In each case, measured surface static
pressure distributions are plotted below schlieren photographs that
are scaled and aligned with the abscissa. The flow is from left to
right in these figures. Whenever possible, the static pressure distri-
bution near separation predicted by the free-interaction concept is
also plotted, with a vertical line indicating the estimated separation-
point location.

Flat-Plate Interactions

With the shock generator positioned so that the incident shock
wave impinged at x;z ~ 73 mm, 6, was set at 2.6, 5.1, 74, and
10.0 deg; both pressure distributions and schlieren photographs
showed that separation occurred for the last three cases. The re-
sults for 6, = 5.1 and 10.0 deg are shown in Fig. 5. The horizontal
lines on the right side of the plot mark the pressure ratio pa/po
corresponding to an ideal reflection of an incident shock. The two
points for §, = 5.1 deg in the reattachment region at x g = 83 mm
provide a good indication of the distinction that could be made be-
tween the unsteadiness associated with variations in pr and that
inherent in the flow. For two successive runs, when averaged over
tr, p/pr differed by about 2.3%. However, significant oscillations
in p/pr about the average occurred. A standard deviation o for
these oscillations during fz was computed, and bars indicating &3¢
are marked on the record, indicating, in this case, an oscillation of
about £5.5%. Bars marking 4-30 are indicated at selected locations
on all the distributions.

o 6,=5deg
6, =10 deg
Free Interation
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Fig. 5 Static pressure distributions through two flat-plate interac-
tions: 6 = 5.1 and 10.0 deg.
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Fig. 7 Static pressure distribution over the 5.1-deg convex corner. A
total of seven tunnel runs was required to obtain the distribution.

In Fig. 5, the measured static pressure distribution in the free-
interaction region follows the prediction of Erdos and Pallone!®; fur-
thermore, the measured plateau pressure p;; agrees with published
empirical correlations.>?! It is not surprising that the greatest un-
steadiness in the flow, indicated by the bars in Fig. 5, occurs where
the pressure gradients are largest. However, the unsteadiness near
the separation point for 6, = 5.1 deg is about twice that correspond-
ing to 8, = 10.0 deg. For 8, = 5.1 deg, the p/pr histories near
separation suggested that separation oscillated during ¢z, indicating
the presence of transition near reattachment.

For this flat-plate interaction, as 6, increases, both /g and sgp
increase; Lgp is plotted versus p,/ po in Fig. 6. The value of p,/ py
corresponding to incipient separation, as determined by an empirical
correlation reported by Stollery,? is indicated in this plot. For the
subsequent data reductions, the relationship between Lgp and p,/ po
was estimated by fitting a straight line through Stollery’s incipient-
separation estimate and the data in Fig. 5 for 6, = 7.4 and 10.0 deg;
the data for 6, = 5.1 deg were excluded because we believe Igp
was decreased slightly by transition. Note that Stollery’s estimate®!
implies that incipient separation should occur for 6, close to 2.6
deg; this is consistent with the present results.

Corner-Expansion Flows
With the shock generator removed, the pressure decay immedi-
ately downstream of the corner was measured. Figure 7 compares
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Fig. 8 Static pressure distributions through four interactions near the
5.1-deg convex corner.

the measured pressure distribution for 6, = 5.0 deg with Sullivan’s
prediction.!s As a second demonstration of the repeatability of our
experiments, data from individual tunnel runs are identified. Further-
more, the agreement with the theory, together with this repeatabil-
ity, provide additional evidence of the validity of the data reduction
procedures used here. The minimal upstream influence and very
long wall-static-pressure decay downstream of the corner, typical
of hypersonic corner expansions,?? are clearly shown in this figure.
Sullivan’s solution cannot predict the pressure relief that occurs up-
stream of the corner in hypersonic flows, so that the displacement
of the data from that solution is a measure of this relief.

The upstream section of the convex-corner models had the same
position and orientation as the flat-plate model, so that the static
pressure downstream of the convex corner was far below pe,. As a
result, the flow at the downstream end of the 10.0-deg model was
disrupted, either by flow around the edges or by separation at the
downstream end, or by both. However, the flow near the convex
corner and over the entire length of the 5.1-deg model was free of
these effects.

Convex-Corner Interactions

Samples of the results for cases when the boundary layer was
influenced by both an incident shock wave and the convex corner
are given in Figs. 8-10. For 6, = 5.0 deg, we have 6, = 5.1 deg and
—198, < x; < 255.. Here &, is the boundary-layer thickness at the
corner in the absence of an external shock; using Sullivan’s theory®
in conjunction with the schlieren photographs, we estimate it to
be 0.7 mm. The ideal p,/py corresponding to shock impingement
at the corner is 2.54 and is indicated by a dashed line in Fig. 8.
For 6, = 10 deg, we have 6, = 9.9 deg, giving p;/py = 5.06
and —144, < x; < 434,. The peak pressures in Figs. 8 and 9, for
x; = —13.5and —10.5 mm, respectively, are substantially below the
values of p, for the corresponding flat-plate interactions, indicating
that for negative x; we were unable to completely uncouple the
separation and corner-expansion processes. This was also the case
forx; > 0.

When the shock impinges well upstream or well downstream of
the corner, the interactions resemble those observed on the flat-
plate boundary layer. For interactions occurring upstream of the
corner, the boundary layer separates well upstream of x;, and a
pressure plateau is formed. The pressure rises through reattachment
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Fig. 10 Static pressure distributions through three interactions begin-
ning near or downstream of the 10.0-deg convex corner.

to a maximum before undergoing a fluctuating decay to the ideal
value. By fitting straight lines through the data corresponding to
the increasing pressure upstream of the corner and to the decreas-
ing pressure downstream, the location of the maximum pressure is
estimated to be approximately 1.58, upstream of the comer. The
fluctuation in pressure just downstream of the corner is believed to
be caused by the intense interaction of the reattachment compres-
sion and the corner expansion with the thin boundary layer. Finally,
the data in Figs. 8 and 9 show that, when separation occurs upstream
of the corner, the pressure rise to the plateau value is predicted by
the free-interaction concept.

When separation occurs downstream of the corner, p/prp in-
creases from a level observed for the corner expansion to a platean
followed by a smooth, gradual rise to the ideal value, as shown in
Figs. 8 and 10. The mechanism causing separation appears to be
similar to that corresponding to a free interaction. That is, separa-
tion occurs well upstream of the disturbance causing it; therefore,
it is unlikely to depend on the nature of the disturbance. However,
we believe that the correlations to predict the rise in pressure to
the plateau are inapplicable owing to the distorted velocity profiles
of the accelerating boundary layer near the corner. As a result of
both the extended / and gradual rise of p from Py to py, the overall
interaction becomes very long. For example, in Fig. 10, the entire
interaction for x; = 30 mm (434,) extends over 1308,.

When the shock impinges near the corner, the differences between
the results for the two values of 8, are more marked. As shown by
the static pressure data and the schlieren photograph in Fig. 8 for
6. = 5.1 deg, separation is nearly eliminated when x; = 2 mm. In
contrast, for §, = 10.0 deg, the data in Figs. 9 and 10 show that an
identifiable separation region exists for all x;.

Discussion

Presented below are the effects of the shock impingement position
with respect to the corner on the extent of boundary-layer separa-
tion. Figures 11 and 12 give x;, Xy, and x, as a function of x; for the
two 6. Figures 13 and 14 plot L/ Lge, L’/ L}, and S against x; / Ip.
The results show that, for both configurations, the plateau length is
at a minimum when the shock impinges near the corner. However,
itis useful to consider each 8, separately, and to identify three inter-
action cases. These are 1) both separation and reattachment occur
upstream of the corner, 2) separation occurs either upstream or at
the corner, and reattachment occurs downstream, and 3) separation
and reattachment both occur downstream of the corner.

Separation and Reattachment Occur Upstream of Corner
If x; is located far enough upstream from the comer, a standard
flat-plate interaction should be distinguishable and separated from

the convex-corner expansion. However, for x; = —13.5 mminFig. 8
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and for x; = —10.7 mm in Fig. 9, the static pressure never reaches
the value expected downstream of a flat-plate interaction, so that we
were unable to completely decouple the two processes. As x; and x,
move closer to the corner, L/ Lgp decreases rapidly for both configu-
rations, but x, remains well upstream of x;, and the free-interaction
concept accurately predicts the pressure through the separation re-
gion. This indicates that the separation process is unaffected by the
proximity of the corner. The decrease in [ and s observed as x;
approaches the corner results from the changing conditions near
reattachment. Because some pressure relief is provided by the cor-
ner expansion, the adverse pressure gradient near reattachment is
reduced, and [ and s also decrease. This is analogous to reducing
6, in the flat-plate interaction. By graphically interpolating the data
in Figs. 11-14, we estimate that the reattachment point reaches the
corner when x;/lgp = —0.32 (x; = 4.5 mm) for §, = 5.1 deg, and
x7/lpp = —0.17 (x; = 5.1 mm) for 8, = 10.0 deg.

Separation Bubble Straddlies the Corner

For this case the interactions for 6, =5.1 and 10.0 deg dif-
fer markedly, so they are discussed separately. Consider first
6, =10.0 deg; when x, first moves downstream of the corner, cor-
responding to the pressure distribution for x; = —5 mm in Fig. 9,
the interaction is nearly unchanged. The free-interaction prediction
shows that separation occurs as in a flat-plate boundary layer, so
that the concept can be used to locate x;. The recirculation bubble
seems to accommodate the change in wall slope, so that the flow
at the boundary-layer edge resembles that of a flat-plate interac-
tion. However, Fig. 14 shows that L/Lgp begins to decrease much
more slowly, and that S increases slightly. This discrepancy between
L/Lgp and S is due primarily to the normalization procedure; the
distances x;, x,, and x; are measured along the model surface, but
the shock impingement point is actually located at the edge of the
separated boundary layer, well above the model surface.

Through interpolation of the data in Fig. 14, we estimate that the
interaction length is minimized when x; is located at the corner, or

x7/Igp = 0.09 with x; = 2.7 mm. Until this condition is reached,
the flat-plate free-interaction correlation appears to apply up to the
separation point, as shown in Fig. 10 for x; = 4 mm. As x; moves
further downstream, the end of the pressure plateau and reattachment
point are also pushed downstream, but from detailed examinations
of the schlieren photograph and the pressure distribution, we infer
that the separation point remains close to the corner, so that [ and s
increase.

Whereas for 6, = 10.0 deg the separation bubble extends around
the corner, Fig. 11 shows that for 6, = 5.1 deg, separation is nearly
eliminated when the shock impinges near the corner. In Fig. 8
(x; = 2 mm), separation is suggested by a small kink in the pres-
sure distribution, but the schlieren photograph shows that this has
very little effect on the flow above the boundary layer. Now, even
when shock impingement on a flat-plate boundary layer is not strong
enough to provoke separation, the resulting interaction extends!6?
over several 8. In this case, the abrupt change in wall slope at
the corner, and not the pressure gradient imposed by the incident
shock, may be primarily responsible for the appearance of a small
separation bubble. As indicated in Fig. 6, the overall pressure ra-
tio across this interaction was slightly less than the predicted in-
cipient separation pressure ratio for a flat-plate interaction.?' For
8. = 10.0 deg, corresponding to a much higher p,/py, we believe
that the pressure gradient is primarily responsible for separation,
because the change in wall slope at the corner appears to be easily
accommodated by the separation bubble.

Separation and Reattachment Occur Downstream of Corner

When x; moves far enough downstream, one would expect the
interaction to again resemble that on a flat plate. There is evidence
of this in Fig. 13, corresponding to 8, = 5.1 deg, in that L'/Lg,
becomes nearly constant for x;/lpp > 0.7. However, correspond-
ing behavior is not observed in Fig. 14 for 6, = 10.0 deg, in-

. dicating that the interaction length is still strongly influenced by

conditions near the separation point. In a hypersonic flow over a
convex corner, the wall shear stress increases sharply at the corner,
and then gradually decays downstream to corresponding flat-plate
values.?*?* Therefore, because of the high wall shear stress just
downstream of the corner, initiation of boundary-layer separation
in this region is expected to be more difficult. In other words, as x;
decreases from far downstream, the progression of x; upstream is
blocked by the high levels of shear stress generated by the corner.
Finally, we believe that when the interaction begins downstream of
the corner, &y is a more realistic nondimensionalization scale than
Curle’s variables.

Conclusions

The results show that shock-wave-laminar-boundary-layer in-
teractions in the neighborhood of a convex corner extend over a
considerable distance, so that the ideal of shock cancellation is
probably not attainable. Flow separation is minimized when sep-
aration occurs at the corner, corresponding to shock impingement
between 28, and 48, downstream of the corner, yet the minimum
overall interaction lengths for the 5.1- and 10.0-deg configurations
are 378, and 545, respectively. When separation and reattachment
occur either upstream or downstream of the corner, the interactions
are very similar to the flat-plate case. However, when separation
occurs either upstream of or at the corner, and reattachment oc-
curs downstream, the overall pressure ratio and the sharpness of
the corner appear to affect the structure of the separation bubble.
If the overall pressure ratio is large enough to provoke significant
separation, the shape of the corner has little effect on the struc-
ture of the interaction. However, when the pressure ratio is near
that for incipient separation, the sharpness of the corner may be
important. It also appears that correlations for the prediction of in-
cipient separation for the flat-plate interaction may be used as a
guide to predict separation in interactions near a convex-corner.
If the pressure ratio across the interaction is sufficient to cause
separation on a flat plate, separation will apparently occur for the
convex-corner case, regardless of where shock impingement oc-
curs. Finally, the normalizations proposed here appear to provide
a useful basis for quantifying the effect of a convex corner on a
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shock-wave-boundary-layer interaction suitable for comparison of
experimental or numerical results obtained under a wide range of
flow conditions.
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