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Experimental Investigation of Hypersonic Three-Dimensional
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Hakan Papuccuoglu*
Istanbul Technical University, 80191 Istanbul, Turkey

The high heat transfer rates and flow pattern were investigated in the vicinity of a 90-deg axial corner at a
Mach number of 6 and over a Reynolds number range from 7 to 22.5 x 106. The investigation was carried out
for two different corner configurations, one that involves two 9-deg half-angle unswept intersecting wedges and
the other one that consists of a 9-deg half-angle unswept wedge and a flat plate aligned with the freestream. In
this study it was observed that, in some cases, there are three and even four peaks of aerodynamic heating in the
corner region. To give a reasonable physical explanation for the results of the experiments, two different vortex
systems have been developed qualitatively in the boundary layer. A sharp decrease of heating detected in the
region very near the corner centerline is attributed to the mutual interaction of the surface boundary layers, as
also indicated in the literature, and a pair of small vortices causing the flow to lift off the surface.

I. Introduction

I N the design of high-speed airplanes and space shuttles
subject to hypersonic flow, it is necessary to understand the

corner flow problem, which is locally very important. The
corner flow problem can be considered as one including a
strongly disturbed inviscid flowfield and, in turn, the interac-
tion of this flowfield with the boundary layers on the surface
of the wedges.1 Corner flows exist in the parts of the aerody-
namic vehicles such as the fuselage wing and fin body junctions,
rectangular inlet diffusers, ducts of airbreathing engines, and
intersections of several control surfaces. In these corners,
extraordinarily complex structures of shock-wave/boundary-
layer interactions occur that are accompanied by a consider-
able increase of both static pressure and heat transfer rate.

Early investigations2'3 carried out for two intersecting flat
plates at Mach numbers 4.95 and 8 revealed that there is a
considerable increase of both static pressure and heat transfer
rates in the corner region. The first experimental study, show-
ing the flow structure in an axial corner of two intersecting
compression wedges, was performed by Charwat and Re-
dekopp.4 Their study indicated that the wedge bow shocks are
joined by a third corner shock, and the internal flow includes
two slightly curved embedded shocks terminating at the wedge
surfaces and two slip surfaces originating from the triple
points and meeting one another at the corner centerline. Simi-
lar corner flow structure was shown for intersecting wedges by
Watson and Weinstein5 and for flat plates by Cresci et al.6 in
hypersonic streams. The investigation by Cooper and Hankey7

for the single compression corner configuration showed two
large vortices responsible for high local heating within the
boundary layer. However, the position of the vortices gave
rise to some doubts. Some experimental data that were ob-
tained by West and Korkegi8 and Korkegi9 showed an im-
proved picture of the inviscid wave structure in the corner
region. In recent years, a comprehensive study that takes into
account different corner structures (different leading-edge
swept angles, corner angles, and wedge angles) has been done
by Hummel.10

It is the purpose of this paper to investigate the physical
mechanism responsible for high heat transfer rates and under-
stand the flow pattern in the axial corner region.
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II. Experimental Apparatus and Conditions
The tests were run in the H-3 (Mach 6) wind tunnel of the

von Karman Institute. The wind tunnel is a blowdown facility
equipped with a 15-cm exit diameter axisymmetric contoured
nozzle and 12-cm uniform test core diameter. During the
experiments the tunnel stagnation temperature is between 500
and 600 K, and it can remain constant for a running time of 1
min. The uncertainties due to the Mach number and unit
Reynolds number variation are about ±2% and ±6%, re-
spectively, for the H-3 Mach 6 wind-tunnel conditions.
Freestream unit Reynolds numbers used in this paper are
based on 1 m length in the y direction.

An inframetrics model 525 infrared scanning radiometer
has been used for heat transfer measurements. It produces a
video-compatible signal at a framing rate of 25 Hz with a 2:1
interlace. It has a field of view of 14 deg horizontal with a 4:1
electro-optical zoom and a maximum sensitivity of 0.2 K. The
infrared camera was calibrated by heating the model surface
with a 1 kW lamp to a given temperature and correlating the
measured intensity during cooling of the model to the surface
temperature as the latter is recorded by means of a surface
thermocouple. Running time for infrared thermography
method varies from 0.1 to 0.6 s, depending on the test condi-
tions, and the initial time is determined as the time when
minimum temperature increase on the model surface is de-
tected by the infrared camera. To calculate the Stanton num-
ber, a semi-infinite slab principle was used. The average uncer-
tainty in the Stanton number, which is calculated by means of
the second power equation, is about ±9%. The standard
deviation for this value is about 0.7%. Since running only one
experiment provides a complete thermal map of the model
surface and the real error is a fixed quantity for a certain
experiment, the values of all of the points on the heat transfer
distribution graphic will increase or decrease at the same ratio.
Although the magnitudes of the heat transfer data may
change, the peak aerodynamic heating regions cannot be elim-
inated due to the uncertainty.

To verify the heat transfer results obtained by the infrared
thermography method, sublimation method experiments have
been employed. The surface of the model, before coating with
acenaphthene, was painted dark blue to obtain good contrast.
Tunnel testing time for the sublimation method is approx-
imately 2-4 s for the given test conditions. The surface flow
pattern is determined by the oil flow and oil dot visualization
method. For this purpose, talcum powder and titanium oxide
were mixed with oil and a suitable mixture was obtained. The
surface of the model was painted black and a good contrast
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Fig. 1 Schematic of flow model.

Fig. 2 Oil flow visualization (double comp. corner case Re --
15.5 xlO6).

streamlines. Hence the reattaching streamline is a high-energy
streamline. Since the heating in the reattachment region is
proportional to the kinetic energy of the reattaching stream-
line, very high heating rates are observed in the three-dimen-
sional reattachment region.7

A. Surface Flow Visualization
Examination of the surface flow pattern revealed that the

flow is laminar, having a large interaction region at the begin-
ning, and then transition is observed wher;e a break on the
outer separation line appears (Fig. 2). Beyond this break, the
boundary layer becomes turbulent.12 In the turbulent
boundary-layer case, the interaction region is considerably
narrower than that in the laminar boundary-layer case,13 and
the displacement effect of the boundary layer is comparatively
small in the turbulent flow case, and so the whole shock
system is slightly closer to the axial corner.8

In Fig. 3 a thick oil accumulation line indicates the location
of the primary separation line that also shows the outer border
of interaction.1 The primary reattachment line corresponds to
the dark region very near the secondary separation line.14 It is
very interesting to note that there is no break or curvature part
on the secondary separation line. Therefore, as can be seen in
Fig. 3, transition and turbulent flow regimes do not affect or
change the shape of the secondary straight separation line.
Between the primary and secondary separation lines, two oil
accumulation lines are present that are not very clear (Fig. 3).
As is seen in Fig. 4, a large outer disturbance zone is character-
ized by the primary separation line toward which skin friction
lines or limiting streamlines converge asymptotically. The pri-
mary reattachment line, from which the skin friction lines
diverge, is also apparent. If the three-dimensional corner flow-
field is projected onto one of the wedges (e.g., x-y plane), a
triangular region is obtained. The width (in the x direction) of
this triangular region is zero at the corner apex. Therefore, it
is evident that near the leading edge two-dimensional flow can
be achieved for even small values of x. Examining the flow-
field shown in Fig. 4 carefully, one can easily see that near the
leading edge and far from the corner apex (for large x values)
the straight limiting streamlines indicating the two-dimen-
sional flowfield become curved only about 1.5 cm from the tip

was provided. Running times for oil dot and oil flow visualiza-
tion methods are about 1 and 2 s, respectively.

The models were made of steel and covered with black
Plexiglas. Since Plexiglas is a good insulator, during the heat
transfer measurements the black Plexiglas does not absorb the
heat quickly and the local heating regions are recognized eas-
ily. The width (in the x direction) and the length (in the y
direction) of the model surface where the measurements were
done are 10 and 21 cm, respectively. The z dimension of the
model is 5 cm.

The interaction flow model shown in Fig. 1 represents a
double compression corner (axial intersection of two wedges).
The other model used for the experiments is a single compres-
sion corner (wedge on a flat plate). The coordinate system
used in subsequent figures is illustrated in Fig. 1.

III. Presentation and Discussion of Results
A survey of literature and the results of the experiments

confirmed that high heat transfer rates are located in the
reattachment zones of a vortex system caused by the complex
shock-wave/boundary-layer interactions.1'3'7'9'11 The impinge-
ment of embedded shock on the boundary layer creates a
pressure gradient and causes the boundary layer to separate.
In three-dimensional separation, which is present in the axial
corner flow case, the vortex is not trapped by the dividing
streamline, and the flow entering the separated region is scav-
enged away. The scavenged flow is replenished by the oncom-
ing part of the boundary layer that includes high-energy

Fig. 3 Oil flow visualization (single comp. corner case Re-lx 106).

Fig. 4 Oil dot visualization (double comp. corner case Re =
16.5 x 106).
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of the wedge. Therefore, the tip effect is negligible in a dis-
tance more than 1.5 cm from the tip of the wedge for given test
conditions. Since the curved limiting streamlines about 3 cm
from the tip of the wedge cannot be caused by the tip effect,
the brake on the outer separation line certainly indicates
boundary-layer transition (Fig. 4). Surface oil flow patterns,
in general, show a conical flow structure. However, the
nonuniform displacement effect of the boundary layer
changes the conical nature of the flowfield near the leading
edge where hypersonic viscous interaction parameter x is
larger than 4.5 The occurrence of transition is another fact
disturbing the conical nature of the viscous flowfield.

B. Surface Heat Transfer Distribution
Heat transfer distribution is obtained by employing infrared

thermography and sublimation methods. In addition to hav-
ing a complete thermal map of the model surface by means of
sublimation and infrared thermography methods, in a specific
rectangular region (4x5 cm), intensive heat transfer measure-
ments are carried out using a teleoptic zoom lens to get high
resolution. The heat transfer distributions in this specific re-
gion are presented by means of the line scans in the spanwise
direction, which is 7.5 cm from the leading edge. Figures 5-8
show those spanwise heat transfer distributions for various

I 18

16

1 2 3 A 5
X(cm)

Fig. 5 Spanwise Stanton number distribution (double comp. corner
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Fig. 7 Spanwise Stanton number distribution (single comp. corner

Fig. 8 Spanwise Stanton number distribution (double comp. corner
case/te=21x!06).
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Fig. 6 Spanwise Stanton number distribution (single comp. corner

Reynolds numbers and single and double compression cases.
For the single compression corner case, the data presented are
for the surface aligned with freestream velocity. The dark
regions seen in Figs. 9 and 10 indicate the regions of high shear
stresses, and depending on these, the high heating rates are
present. If a comparison is made between the thermography
findings obtained by the sublimation method and infrared
thermography results, similar heat transfer distributions are
seen. Although it is quite impossible to make a quantitative
comparison between the data obtained by those two methods
about the severity of the high aerodynamic heating, the num-
ber of peaks and their positions are almost the same for both
methods. For instance, there are four high skin friction re-
gions exhibited in the form of dark lines in Fig. 9, and it is
possible to match their positions with the peaks seen in Fig. 6.
For example, in Fig. 9 the angle between the two dark lines,
one of which is closest to and the other one furthest from the
corner centerline, is about 12 deg. These lines show the ap-
proximate location of the primary and secondary reattach-
ment lines, respectively. This angle can also be calculated from
x and y coordinates of the leftmost and rightmost peaks in
Fig. 6.
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Fig. 9 Sublimation method (single comp. corner case Re = 10 X106).

Fig. 10 Sublimation method (double comp. corner case Re = 8 X1Q6).

The heat transfer distributions show a marked dip or trough
to values well below those for a two-dimensional wedge (in
particular at the first separation line), followed by a sharp rise
to multiple peaks. A decrease in aerodynamic heating is ob-
served in the region very near the corner center line. The max-
imum Stanton number, for a given unit Reynolds number, is
almost constant with the Reynolds number based on the dis-
tance from the leading edge. This result has been verified
before in Ref. 11. Except for the region where the hypersonic
interaction parameter is high, the conical nature of the flow-
field determined by infrared thermography is confirmed by
the sublimation method as well. In Fig. 5, there are three
peaks in the Stanton number, implying the existence of three
vortices. For the same configuration (double compression cor-
ner case) at the large Reynolds number, however, only one
peak occurs, implying only one vortex exists (Fig. 8). This
drastic alteration is due to the principle that a turbulent
boundary layer resists separation due to the turbulent mixing
that fills out the velocity profile and thereby increases the
average momentum of a turbulent boundary layer. At high
unit Reynolds numbers, transition and then turbulent flow
regimes occur closer to the leading edge. Since the location of
the line scan indicating the heat transfer distribution is in the
turbulent flow region (Fig. 8), there is only one separation and
one reattachment line, indicating only one vortex. This result
is in very good agreement with the findings of Ref. 11 .For the
same unit Reynolds number the aerodynamic heating in the
double compression corner case is generally 1.5 times as high
as in the single compression corner case.

C. Flow Structure
The combined evaluation of heat transfer distribution and

oil flow visualization revealed that a vortex system responsible
for high aerodynamic heating is present in the corner region.
The study done by Korkegi9 showed that the greater the shock
strength or the wedge angle, the larger the extent of separa-
tion; for a large extent of the separation a secondary surface
vortex arises inside the primary one. According to the data
used in Korkegi's study,9 depending on the shock strength,
there were up to two peaks of heating associated with two

reattachment points. In the present study, since the peak val-
ues of heating and the drops between the peaks are attributed
to reattachment and separation zones, respectively, a vortex
system consisting of four vortices (Fig. 11) and another one
consisting of three vortices (Fig. 12) have been developed
qualitatively. Note that the physical phenomenon, interaction
of a skewed shock with the surface boundary layer, is the same
for both cases9 (single compression and double compression
corner). Hence, no distinction is made between these two cases
in evaluating the vortex systems seen in Figs. 11 and 12.

There is an embedded crossflow supersonic region in the
viscous layer. This crossflow entering the corner region be-
neath the triple point eventually impinges on the surface of the
wedge15 and creates a high aerodynamic heating. Since the
velocity and, depending on this, the kinetic energy of the
streamlines originating from the outer parts of the boundary
layer are high, the peak values of heating are located in the
vicinity of the primary reattachment point RI.I° The inner
vortices scavenge flow from the outer ones, and, in turn, the
primary vortex between S{ and RI scavenges flow from the
oncoming boundary layer (Figs. 11 and 12).

The outer compression fan seen in Fig. 11 is a consequence
of the supersonic crossflow and the displacement effect of the
boundary layer,5'8 and it is not a property of the inviscid
flowfield as suggested by Chartwat and Redekopp.4 Note that
the outer compression fan does not have to be centered at the
triple point. Since most of the authors prefer to show it as seen
in the upper part of Fig. 11, this author follows the same
manner.

Because of the nature of three-dimensional boundary lay-
ers, the surface flow pattern in the axial corner region could
give a misleading impression that the entire flowfield is highly
skewed from the stream wise direction (lower part of Fig. 12);
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Fig. 11 Corner flow shock structure and vortex system for four
vortices.
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Fig. 12 Sketch of limiting streamlines and vortex system for three
vortices.

however, most of the flow turning takes place over a thin
region of fluid close to the wall.

The embedded shock impinging on the boundary layer is
reflected from the boundary layer in the form of a fan of
expansion waves. This expansion fan is reflected from the slip
surfaces and impinges on the boundary layer as a compression
fan.10 The author suggests that the complex vortex system and
multiple separation zones occurring in the axial corner region
could be caused by the pressure gradients due to the embedded
shock and this compression fan (Fig. 12).

Since on the wedge surfaces similar flowfields are present,
the crossflow streamlines outside the separation bubble come
from both sides of the corner and go toward the intersection
line of the wedges. Because of the shape of the separation
bubble and the thin boundary layer just around the axial
corner, the streamlines coming toward one another form two
small vortices. Although the high momentum of the crossflow
streamlines create a compression in the corner region, the pair
of small vortices cause the flow to lift off the small region very
near the corner center line (Fig. 11 and 12). The author sug-
gests that the sharp decrease of heating in the very vicinity of
the axial corner could be explained by the flow lifting off due
to these small vortices. The author also believes that the mu-
tual interaction of the surface boundary layers is another
reason for the sharp decrease of heating as suggested in Refs.
3 and 11.

IV. Conclusion
Considering the heat transfer distribution and surface flow

visualization analysis, three-dimensional vortex systems re-

sponsible for high aerodynamic heating were developed quali-
tatively in the corner region. Peak heating rates are located in
the vicinity of the reattachment regions of the vortex systems.
The vortex systems can include up to four vortices and sepa-
rated zones depending on the test condition.

The author suggests that the vortex system and separated
regions could be consequences of the combined effects of
crossflow, embedded shock, and the compression fan re-
flected from the slip surface and impinging on the boundary
layer.

Apart from the mutual interaction of boundary layers, the
author also suggests that flow suction due to a pair of small
vortices is another reason for sharp decrease of heating very
near the corner centerline.

To achieve a better understanding of the corner flowfield, in
particular inside the viscous layer, more investigations should
be carried out.
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