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Supersonic Shock Wave Turbulent Boundary-Layer Interactions
C. Herbert Law*

Aero Propulsion Laboratory, Wright-PattersonAFB, Ohio

Results are presented of an experimental investigation of shock wave turbulent boundary-layer interactions in
supersonic flow. The experiments were conducted at a freestream Mach number of 2.96 and over a boundary-
layer Reynolds number range of 10 5 to 10 6. Surface static pressure measurements, oil flow photographs, and in-
terferograms were obtained to define the length of separation and the incipient separation angles for 1) two-
dimensional compression corner and 2) planar shock wave interactions with a turbulent boundary layer. The
tests were conducted in a high unit Reynolds number freestream on a long flat plate with a turbulent boundary-
layer thickness in the interaction region of from 0.12 to 0.18 in. Direct comparisons were made between the com-
pression corner and incident shock wave interactions to determine the effects of configuration on turbulent
boundary-layer separation. For both configurations the length of the separated region was found to decrease
and the incipient separation angle to increase with increasing Reynolds number. For constant Reynolds number,
the overall pressure rise for incipient separation was approximately the same for the compression corner in-
teraction and the incident shock wave interaction. Turbulent boundary-layer separation was found to be of the
"free interaction" type whereby the separation angle and pressure distribution through separation were in-
dependent of Reynolds number, overall pressure rise, and configuration.
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Nomenclature
skin friction coefficient at beginning of in-
teraction
freestream Mach number
pressure
stagnation pressure
freestream pressure
Reynolds number based on freestream condition
and boundary-layer thickness at beginning of in-
teraction .
span °f shock generator
stagnation temperature
wall temperature
axial distance from flat plate leading edge
axial location of center of interaction
axial distance from flat plate/ramp hinge line to
shock generator leading edge
axial location of separation point
axial offset distance
vertical distance between flat plate and shock
generator leading edge
effective incipient separation corner angle
compression ramp angle
shock generator angle
boundary-layer thickness at beginning of in-
teraction

Introduction

THE interaction between a shock wave and a turbu-
lent boundary layer is of practical importance because

flow separation can significantly reduce both internal and ex-
ternal aerodyanmic performance and the resultant flow reat-
tachment can severely magnify local aerodynamic heat
transfer. There have been many investigations of turbulent
boundary-layer separation produced by an impinging shock
wave, a compression corner, and a forward facing step.
However, the available experimental results are spread thinly
over a wide range of Mach numbers and Reynolds numbers,
and the effects of configuration on turbulent boundary-layer
separation by indirect comparisons of isolated investigations
are difficult to determine.
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Notable contributions have been made by Chapman,
Kuehn, and Larson * and Holden,2 to determine the effects of
configurations on turbulent boundary-layer separation
produced by a forward facing step, a compression corner, a
curved compression ramp, and an incident shock wave in
supersonic flow. By using similar model designs under the
same wind tunnel conditions, direct comparisons were made
to define the effects of configuration and variable Reynolds
number and Mach number on boundary-layer separation.
Holden performed similar investigations of the compression
corner and incident shock wave interactions for hypersonic
flow.

Recent surveys by Korkegi3 and Green4 indicate that while
there is a general understanding of turbulent boundary-layer
separation, specific agreement about the effects of Reynolds
number and configuration on separation are lacking. Green
concluded that much of the disagreement is the result of the
boundary-layer interactions being strongly influenced by
model design, but the detection methods or experimental
procedures may themselves yield varying accuracies or
degrees of sensitivity.

The compression corner interaction has been recently in-
vestigated by Settles, Bogdonoff, and Vas5 and by Roshko
and Thomke.6 Roshko and Thomke simulated the com-
pression corner with a large diameter cylinder/flare model
and found that above a Reynolds number of 107, the incipient
separation angle increased with increasing Reynolds number.
Using a similar configuration and comparing with results ob-
tained on a wind tunnel wall, Settles, Bogdonoff, and Vas
found no dependence on Reynolds number over the same
range. A similar investigation by Appels,7 performed on a
wind tunnel wall, found that while the incipient separation
angle increased with increasing Reynolds number, the
magnitude of the incipient separation angle was about half
that observed by Settles, Bogdonoff, and Vas and by Roshko
and Thomke.

Reda and Murphy8 have investigated the effects of model
design on the incident shock wave interaction, and found that
three-dimensional effects can significantly influence a
nominally two-dimensional interaction. In particular, the in-
teraction between the incident shock wave and the wind tun-
nel wall boundary layer can produce significant effects if not
properly isolated.

The present investigation was designed to provide a direct
comparison between the interactions produced by the com-
pression corner and incident shock wave configurations.
Direct comparisons were made by producing the interactions
on the same flat plate model in the same wind tunnel. A



JUNE 1976 SUPERSONIC SHOCK WAVE-TURBULENT BOUNDARY LAYER 731

Reynolds number range of 107 to 108 was investigated with a
freestream Mach number of 2.96 and adiabatic wall con-
ditions. The compression corner results have been previously
reported in Ref. 9. A summary of these results and com-
parisons with the results obtained from the incident shock
wave investigation are contained in this report. Surface
pressure distributions, holographic interferograms, and oil
flow photographs were obtained to define the undisturbed
boundary-layer characteristics, the variations of separation
length with compression corner angle and shock generator
angle, and the incipient separation conditions. Three-
dimensional effects were also investigated.

Experimental Procedure
The experimental procedures were discussed in detail in

Ref. 9 and will only be summarized here. The experiments
were conducted in the Aerospace Research Laboratories' 8-in.
Mach 3 high Reynolds number wind tunnel. The Reynolds
number was varied by changing the wind tunnel stagnation
pressure. Four nominal Reynolds numbers were investigated:
RedQ = 1.5 x 105, 2.8 x 105, 60x 105, and 9.0 x 105.

The model consisted of a 12-in.-long flat plate followed by
a 2.5-in. compression ramp. The ramp angle could be varied
continuously from 0 to 35 degrees by remote control during a
run. The flat plate and compression ramp spanned the wind
tunnel and were sealed at the sidewalls. The incident shock
wave configuration consisted of a shock generator with a
chord of 3.5 in. and the compression ramp placed in the 0°
position. The shock generator could be remotely rotated from
0 to 15° producing an incident shock wave which intersected
the flat plate/ramp hinge line. The span of the shock
generator was 6 in. allowing 1 in. between the shock generator
surface and the wind tunnel sidewall. This partial span con-
figuration resulted in the least influence of sidewall in-
terference (see the section on Three-Dimensional Effects).

The optical techniques, oil flow visualization, and pressure
measurement techniques are described in Refs. 9 and 10.

Data were obtained for compression ramp angles of 14 to
26° in 1° increments, and for shock generator angles of 5.97
to 12.27° in approximately 0.5° increments. The shock
generator angles were chosen to give the same overall pressure
rises across the interaction as those produced by the com-
pression ramp. The model configurations and corresponding
shock generator/compression corner angles are shown in
Figure 1.

Results and Discussion
Interferograms of the compression corner and incident

shock wave interactions are shown in Figure 2. These in-
terferograms show the basic structures of the interactions for
an overall pressure rise of 4.85 p^ produced by a shock
generator angle of 12.27° and a compression corner angle of

Fig. 2 Holographic interferograms of the compression corner and
incident shock wave interactions with an overall pressure rise of 4.85
Pa, for Red0 = l.5x 10 5. a) Incident shock wave interactions
ctsc = 12.27°. b) Compression corner interaction &K = 25°.
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Fig. 3 Static pressure distributions for compression corner
teraction.
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Fig. 1 Model and wind tunnel configuration.

25°. These interferograms were obtained with
Redo = \.5x\Q-5.

For this investigation, the undisturbed boundary-layer
thickness at the flat plate/ramp hinge line varied from 0.12 to
0.18 in. The high freestream Reynolds number and long flat
plate were sufficient to produce natural boundary-layer tran-
sition well upstream of the interactions. The undisturbed
boundary-layer velocity profiles (obtained from the in-
terferograms) in the region of interaction agreed well with the
u/ue = (y/d)1/7 power law. The large ratio of model span to
boundary-layer thickness (-50) gave assurances that three-
dimensional effects upstream of the interaction were minimal.

Examples of some of the static pressure distributions ob-
tained from the incipient shock wave investigation are pre-
sented in Figure 3. Similar results obtained from the com-
pression corner investigation are shown in Fig. 4. For all com-
pression corner angles and shock generator angles in-
vestigated, the lengths of the compression ramp and shock
generator were sufficient to achieve excellent agreement with
the predicted overall pressure rise.
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Fig. 4 Static pressure distributions for incident shock wave in-
teractions.
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Fig. 5 Variation of the separation length with shock generator angle
and Reynolds number.

Three techniques were used to determine the location of the
separation point: 1) the axial location of the first inflection
point in the static pressure distributions, 2) the location of oil
accumulation, and 3) extrapolations of the separation shock
wave to the flat plate surface. For large regions of separation,
the three procedures gave reasonably good agreement for the
location of the separation point, as demonstrated in Figure 5
for the incident shock wave investigation. For small regions of
separation, the static pressure distribution and separation
shock techniques were inadequate to provide separation in-
formation, and the oil flow technique gave questionable
results. For both the compression corner and incident shock
wave interactions, oil accumulation lines were present for
overall pressure rise ratios below what would appear to be
reasonable incipient values. The oil accumulation lines were
thin ( — 0.020 in.) with positive (downstream) flow both up-
stream and downstream of the accumulation line. For the
compression corner interaction, the oil accumulated on the
surface along a line upstream of the corner, and yet, the sur-
face oil flow in the immediate vicinity of the corner indicated
positive, downstream flow. The oil flow technique, therefore,
only gives the approximate location of the separation point as
the axial location of some small value of skin friction. For
large regions of separation this inaccuracy is not severe, but
for small regions of separation (and below the incipient con-
dition) the oil flow results were misleading.

Fig. 6 Comparison between separation lengths obtained for the in-
cident shock wave and compression corner interactions at the same
freestream Reynolds number.

25

20
CO

o l5

e
S 10

a

5

n

O .

°<?<>00 I D D °

$$^S$S^^^
S -£5

COMPRESSION
CORNER

OGOOO

~

INCIDENT
, SHOCK

\\\ SETTLES ET AL («„,= 2.84 TO 2.95)
O KUEHN(MQO = 3.0)
D ROSHKO a THOM KE ( M^ 2 .95)
0 SPAID (SURFACE PRES.) ~\
0 SPAID(OIL FLOW) >{M00 =2-9^
• SPAID (Pvs.a PLATEAU) J
^> PRESENT STUDY (^ = 2.96)

T PRESENT STUDY ( MO, = 2.96)
1 1

Re
o0

Fig. 7 Variation of the compression corner incipient separation
angle with Reynolds number for a nominal Mach number of 3.

The length of separation results presented in Fig. 5 are com-
pared with the results obtained from the compression corner
investigation for the same Reynolds number in Fig. 6. In
general, for the same overall pressure rise ratio, the incident
shock wave configuration produced approximately a 15%
larger length of separation than the compression corner con-
figuration. The incipient separation angles (obtained by ex-
trapolating to zero separation length) were approximately the
same for both configurations. With the separation length
nondimensionalized by the undisturbed boundary-layer
thickness just upstream of separation, the separation length
increased with decreasing Reynolds number for fixed overall
pressure rise and the incipient separation angle increased with
increasing Reynolds number. The incipient separation results
from this investigation are shown in Fig. 7 and compared with
results from other investigations.

Separation and Free Interaction
Chapman, Kuehn, and Larson1 defined a "free in-

teraction" as one which is free from direct influence of down-
stream geometry and free from the complicating influences of
the mode of inducing separation. The occurrence of
separation causes a change in the streamline geometry such
that two separate shock-boundary-layer interactions are
generated - the first where the flow separates and the second
where it reattaches. For the separation interaction to be a
"free interaction" it must be independent of downstream in-
fluence and the corresponding static pressure distribution be
self-induced. According to the "dividing streamline" concept,
the pressure rise in the reattachment region determines the
mass of the recirculating flow and hence the length and
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velocity of the dividing streamline. While the reattachment in-
teraction is dependent on the configuration and overall
pressure rise, the only influence these parameters have on the
separation interaction is to determine its location.

In the present investigation the turbulent boundary-layer
separation angle appeared to be relatively constant at ap-
proximately 11° for all compression corner angles and shock
generator angles greater than incipient. Within the accuracy
of the measurements (±1.50°) no consistent trend with
Reynolds number was observed. These results were in good
agreement with those presented by Erdos and Pallone11 for
the same Mach number and Reynolds number range.

The static pressure distribution through separation ob-
tained from the present investigation is presented in Fig. 8.
This distribution represents a sum of all the data obtained for
shock generator angles and compression corner angles above
incipient, and all Reynolds numbers investigated. The
pressures have been nondimensionalized by the freestream
static pressure. The axial distance has been offset so that the
beginnings of pressure rise are coincident, and normalized by
the undisturbed boundary-layer thickness. Over 400 data
points were used to construct the pressure distribution which,
within experimental scatter, reflects a "free interaction"
similar to that observed by Zukoski12 for flow ahead of a for-
ward facing step. The pressure distribution was obtained by
plotting only the pressure data in the separation and plateau
regions. The pressure distributions downstream of the
plateau, in the reattachment region, were not similar and
therefore not of the "free interaction" type. Two examples of
departure in the reattachment region are shown in Fig. 8 for a
compression corner angle of 21° and a shock generator angle
of 10.35°. In each case, the pressure distribution departs from
the "free interaction" distribution in the reattachment region.
The point of departure and the reattachment pressure gradient
vary with overall pressure rise and configuration. As
discussed earlier, for the same overall pressure rise, the in-
cident shock wave produces a larger separation length than
the compression corner.

A constant pressure plateau region was not observed in the
present investigation because large lengths of separation were
not achieved. The pressure distributions presented by
Zukoski12 indicated that separation lengths greater than
about 7 boundary-layer thicknesses were required to achieve a
constant pressure plateau region for turbulent flow. The
pressure distributions obtained by Roshko and Thomke6

from a compression corner investigation at Mach 4 were of
the "free interaction" type similar to that presented in Fig. 8.
Roshko and Thomke did investigate large lengths of
separation and did observe constant pressure plateau regions
for lengths of separation greater than 8 boundary-layer
thicknesses.

Three-Dimensional Effects
The initial results of the present incident shock wave in-

vestigation with a full-span shock generator were in con-
siderable conflict with the results obtained from the com-
pression corner investigation. Oil flow visualization also in-
dicated an extensive sidewall boundary-layer interaction and
nontwo-dimensional flat plate boundary-layer interaction.
Attempts to isolate the interior flat plate flow from the
sidewall corner region with fences were unsuccessful. The
only successful solution was to reduce the span of the shock
generator until the influence of the sidewall interaction on the
flat plate centerline flow was minimized.

The variations of separation length with shock generator
span for several shock generator angles are shown in Fig. 9.
These data were obtained at the lowest Reynolds number in-
vestigated. As the span of the shock generator was reduced,
the strength of the sidewall interaction decreased. A shock
generator span of 6 in. was sufficient to minimize the effects
of sidewall interaction on the test region for shock generator
angles less than 12.27°.

Fig. 8 Pressure distributions illustrating free interaction.
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Fig. 9 Variation of the separation length with shock generator span.

Zukoski investigated the effects of span on the flow ahead
of a forward facing step, and found a minimum span to avoid
end relief. This minimum span was directly proportional to
the step height and thus directly proportional to the length of
separation. In the present incident shock wave investigation, a
minimum span of the shock generator span was determined in
order to avoid sidewall relief, and this minimum span was
found to increase with increasing separation length, or shock
generator angle. For a shock generator angle of 12.27° and an
RedQ of 1.5 x 105, the minimum span was found to be 6.0 in.
Therefore, it was determined that the model design used in the
present incident shock wave investigation could most nearly
simulate a two-dimensional interaction on the flat plate cen-
terline for shock generator angles up to 12.27° with a shock
generator span of 6 in.

Conclusions
An investigation of shock wave-turbulent boundary-layer

interactions at Mach 3 has been made. The effects of con-
figuration have been determined by investigating 1) the com-
pression corner, and 2) incident shock wave interactions over
a range of Reynolds numbers (Re5o from 105 to 106. The con-
slusions drawn from this investigation were as follows.

1) The separation length decreased and the incipient
separation angle increased for increasing Reynolds number. 2)
The overall pressure rise for incipient separation is in-
dependent of the configuration (compression corner or in-
cident shock). 3) The three-dimensional effects of the in-
teraction between the sidewall boundary-layer and the in-
cident shock wave could be minimized by reducing the span of



734 C.H. LAW AIAA JOURNAL

the shock generator, 4) Turbulent boundary-layer separation
was found to be of the "free interaction" type. The
separation angle and the pressure distribution through
separation were found to be virtually independent of
Reynolds number, overall pressure rise, and configuration.
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