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Abstract

An investigation of intersecting shock-shock
and shock—-expansion interactions with a turbulent
boundary layer is reported. The form of these
interactions is interpreted from experimental
results at Mach 1.85. It is found that
intersecting shock interactions can produce a
given overall pressure rise with less likelihood
of separation than an equivalent strength single
shock interaction. A simple theory to predict
limiting streamline deflection angles is extended
to boundary layer interactions with multiple
merging and intersecting shock wave and expansion
fan configurations and shows reasonable agreement
with experiments. The possibility that
intersecting wave interactions can lead to
boundary layer separation is discussed.

Nomenclature
M Mach number
Ap pressure rise above undisturbed pressure
Appr pressure rise across primary shock
S length of vortex tube element
u local mainstream flow velocity
v local cross—flow at surface
B angle of vortex tube to local mainstream

flow direction

ratio of specific heats

average boundary layer thickness (1.9 mm)
mainstream flow deflection angle

limiting streamline deflection angle
relative to local mainstream flow direction
limiting streamline deflection angle
relative to undisturbed flow direction
mainstream density

angle of shock wave or centre of expansion
fan to local mainstream flow direction

av

© m D> o=

Nala-l

Subscripts
1 undisturbed upstream state

m middle of expansion fan
n, n+l state identification

1. Introduction

The interactions between shock waves and
boundary layers have been the subject of
investigations for the past 40 years (eg. see the
reviews of Greenl, Adamson & Messiter2, Settles &

Dolling3). 1In recent times attention has been
focused on three-dimensional interactions, of which
one of the simplest and most important
configurations is the fin induced, swept, normal
shock interaction. A variation on this
configuration is the intersection of two such
swept shock waves in the presence of a turbulent
boundary layert (Figure 1). This type of
interaction, found in engine intakes and between
protrusions on supersonic flight vehicles, is the
subject of the present paper. The important
features of this interaction are discussed in the
light of experimental results. A simple theory,
due to McCabe4, which has proved remarkably
successful in predicting limiting streamline
deflection angles in single interactions, is
extended to intersecting wave configurations
(including intersecting and merging shock wave and
expansion fan combinations). The predicted
limiting streamline patterns are then discussed
and compared with experimental results.

2. Experiments

Experiments to measure surface pressures and
limiting streamline patterns for shock-shock and
shock-expansion interactions were performed in the
University of Queensland supersonic blowdown
tunnel. The tunnel has a 76 mm x 102 mm test
section and a Mach number of 1.85. For the
present tests the stagnation pressure was 300 kPa
and the stagnation temperature, which was governed
by the prevailing atmospheric conditions, was
typically 295 K. The unit Reynolds number in the
test section was 4.1 x 107 m-1.

The shock waves and expansion fans were
generated by sharp fins mounted from the tunnel
side-walls. These waves interacted with a thin,
turbulent boundary layer which was formed on a
sharp leading edged, flat, measuring plate
inserted in the tunnel test section. 1In the
measurement region the average boundary layer
thickness, sav' was calculated to be 1.9 mm.

Surface pressures were measured at an array
of 0.5 mm diameter pitot tappings with a 32
channel pressure sensor module. The measuring
plate could be moved relative to the wedges in
order to increase the effective instrumentation
density. For each experimental configuration a
total of at least seven runs of the tunnel was

Graduate student
** Professor, member AIAA

Copyright © American Institute of Aeronautics and
Astronautics, Inc., 1987. All rights reserved.

t The intersection of two opposing shock waves is
labelled “shock-shock" and the intersection of a
shock wave and an opposing expansion fan is
labelled “shock-expansion“.




made with the measuring plate being moved between
runs. Limiting streamline patterns were recorded
using the china film technique. Pressure
measurements and limiting streamline patterns were
recorded for the shock-shock interactions but only
limiting streamline patterns were recorded for the
shock—-expansion tests.

3. Experimental results and discussion.

Previous investigations of swept normal shock
interactions have shown that the boundary layer
leads to a spreading out of the sudden changes
which take place across the shock wave in the
mainstream flow. After an initial inception zone
close to the shock generator the interaction
develops into either a cylindrically or conically
symmetric form and is termed ‘fully developed’ .
When a second swept normal shock intersects the
first shock the subsequent interaction will vary
depending upon whether the single shock
interactions have reached a fully developed
state. The interactions in the present
experiments were close to a fully developed
cylindrically symmetric state at the intersection
point. The discussion which follows will
concentrate on the intersection of two fully
developed interactions.

When two shock waves intersect the pressure
level downstream of intersection is higher than
that behind either of the primary shocks. At the
surface the pressure rises are spread either side
of the shock positions because of the presence of
the boundary layer. 1In the regions removed from
the shock intersection point the pressure rises
across each of the shocks can be identified
clearly (see Figure 2). However, towards the
shock intersection the pressure rises blend
together such that the rises associated with the
individual shocks cannot be separated.

The limiting streamline patterns for this form
of interaction (Figure 3) show that the primary
shocks cause the flow in the boundary layer close
to the surface to be deflected through a greater
angle than streamlines in the mainstream flow. A
peak in limiting streamline deflection angle
occurs at about the shock location. The
deflection angles slowly decrease with further
distance downstream of the shock. The limiting
streamlines then start deflecting rapidly as the
reflected shock wave is approached. Again
essentially all deflection takes place upstream of
the shock. The expansion around the tail of the
wedge restricts any examination of changes in
limiting streamline angles further downstream. As
with the recorded surface pressures, the changes
in limiting streamline deflection angles .
assoclated with the individual shocks are less
distinct towards the intersection point and the
maximum deflection angle there is found to be
reduced.

The experimental results indicate that the
limiting streamline deflection angles downstream
of the reflected shocks are less than the angles
downstream of the stronger of the two primary
shocks. Thus there is less twisting of the
boundary layer downstream of the intersection.
This indicates that a given pressure rise can be
achieved with intersecting shocks with less
likelihood of separation than the same pressure

rise achieved through a single swept shock wave,
assuming that a reduction in boundary layer twist
indicates a step away from separation. The
limiting streamline patterns indicate that there
is an accumulation of fluid near the surface
towards the intersection and suggest a thickening
of the boundary layer in this region.

In Mee, Stalker and Stollery$s it is shown that
reasonable predictions of surface pressures and
limiting streamline patterns can be made by
superposition of the results obtained for two
single shock interactions.

The limiting streamline patterns of the present
investigation indicate that the surface stream—
lines diverge slowly downstream of the shock
intersection point. A convergence or divergence
of limiting streamlines downstream of the
intersection may be expected because of the
different properties (eg. velocity, density)
either side of the shear surface in the
mainstream. If the limiting streamlines converge
then there 1s the possibility that a form a
separation may occur downstream of the
intersection as a result of the interaction.

It is worthwhile speculating on the flowfields
obtained if convergence or divergence of limiting
streamlines does occur. The expected limiting
streamline pattern for an interaction which
produces divergence is sketched in Figure 4 (a).
For the weak interactions being discussed here it
is expected that the deflection angles of the
streamlines will vary monotonically from the
surface to the free stream. Thus a diverging
surface streamline pattern suggests a region of
decreasing boundary layer thickness which may lead
to increases in heat transfer rates and skin
friction magnitudes in that region. However, with
the low rates of divergence expected, these
effects may be quite small.

A possible converging limiting streamline
pattern is sketched in Figure 4(b). The pattern
shown has a line of convergence of limiting
streamlines beginning downstream of the
intersection point. It is not clear that such a
distinct line of convergence will necessarily
appear. If the line does appear then the
streamline pattern has a similar form to the
‘open’ separation patterns (also called ‘local’
and ‘free vortex’ separation) noted in flows over l
bodies of revolution at moderate to high angles of
incidence¢,?. This type of separation
is characterized by the limiting streamlines that
approach the separation line from either side all
emanating from the same upstream line of
attachment. The effects of such separation on the
boundary layer and mainstream flows may be
detrimental in some applications.

No converging limiting streamline patterns were
obtained in the present experiments but a simple
theory, due to McCabe4, to predict limiting
streamline deflection angles for single shock
interactions, was extended to the intersecting
configuration to determine whether the limiting
streamline deflection angles in intersecting shock
interactions could be predicted and if convergence
or divergence is indicated downstream of the
intersection. This extension is considered in the
section 4.



4. Prediction of limiting streamline
deflection angles.

In many practical flows it is important to know
whether boundary layer separation will occur
because of the effects this can have on surface
heat transfer rates and on disruption to the
entire flow field. Limiting streamline patterns
are often used to indicate whether separation does
occur for a particular configuration. While there
has been considerable debate on how to interpret
surface footprints of three-dimensional
separation, a line of complete convergence of
limiting streamlines is often taken to indicate
separation. In swept, normal shock interactions a
simple incipient separation criterion that has
been used is that the limiting streamline
deflection angle is equal to the shock wave
angle. Thus it proves useful to be able to
predict limiting streamline deflection angles. To
this end McCabet presented a simple theory for
swept normal shock interactions. The success of
this theory in correctly predicting deflection
angles in a wide range of experiments at free
stream Mach numbers up to 6.0 belies its
simplicity. Indeed the theory has been criticized
for its sweeping assumptions (which are discussed
in Mee®) and it has been suggested that a more
complete analysis will probably lead to poorer
predictions of experimental results®. However, in
examining intersecting wave interactions it
appears worthwhile extending McCabe’s theory to
such configurations even if only to obtain
qualitative predictions.

The theory of McCabe is based upon the
examination of the passage of a vortex tube
element as it is deflected by the shock, assuming
that circulation around a material curve in the
boundary layer is conserved. The theory assumes a
cylindrically symmetric interaction and gives a
deflection angle downstream of the shock wave.
Experiments indicate that the limiting streamlines
begin deflecting upstream of the shock wave, reach
a maximum angle at about the shock location and
then slowly reduce in angle. Eventually they must
run parallel to the mainstream flow. The McCabe
theory predicts well the maximum limiting
streamline deflection angle (i.e. that at the
shock location).

The initial aim of this part of the project was
to extend the McCabe theory to intersecting shock
interactions. However, results of superposition
of limiting streamline patterns$ suggested that
the intersection of a shock wave and an expansion
fan in the presence of a turbulent boundary layer
would lead to a limiting streamline pattern
containing a line of convergence and thus the
possibility of separation. It was decided to
extend McCabe’s theory to this type of interaction
also. The final result is a general formulation
which can be applied to any number of intersecting
or merging shock waves and expansion fans.

For a process (shock wave or expansion fan)
which deflects the vortex tube element, AB, at
state n to become CD at state n+l (see Figure 5),
it can be shown that g +1¢ the deflection angle of
limiting streamlines at state n+l relative to the
mainstream flow at that state, can be written as

tanen = Pn+1 ! sn+1 sin Bn+1 !

P, U1 S, tan Bn+1

where p and u are the freestream density and
velocity, S is the length of the vortex tube
element and B its angle relative to the local
freestream flow direction as indicated in Figure
5. The subscript 1 refers to properties at the
undisturbed upstream state.

When process n is a shock wave it is found
that (see Figure 6(a))

Prs1 = tancn
P tan(gn— An)
u - cos(gn— An)

un+1 cos§n

Sn+1 sian+1 sin(gn— An)
Sn sian sinl;n
and
tanp = sin((n— 4!
n+l

COS(Cn' a) - Yn+1 [ cos§n - 51n§n J

u tanBn

where Cn is the angle of the shock relative
freestream flow at state n and A, is the
mainstream flow deflection caused by the shock
wave.

In applying the McCabe principles to the
interaction of an expansion fan with a boundary
layer the theory could become somewhat more
complicated. Instead of mainstream flow
properties changing at a plane, as is the case
with a shock wave, changes occur in a spreading
fan region. A simplified flow geometry is
considered in order to keep the theory tractable.
It is assumed that all changes in mainstream
properties occur at the centre of the expansion
fan. The sensitivity of the solution to this
assumption was tested by comparing results with
those obtained when the sudden changes were
assumed to occur at the upstream and then at the
downstream Mach line of the expansion fan. The
inaccuracies introduced by this assumption are
small compared with the expected accuracy of the
theory. For process n being an expansion fan it
can be shown that (see Figure 6 (b))
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where M, and M 41 are the Mach numbers at states n
and n+l and { is the angle of the centre of the
expansion fan to the mainstream flow at state n.

The formulation that has been presented can be
applied to determine limiting streamline
deflection angles downstream of any number of
intersecting and merging shock waves and expansion
fans. Some examples of possible wave combinations
are given in Figure 7 where a maximum of two waves
is indicated. Reservations should be noted in
applying the theory to large numbers of wave
interactions because certain assumptions made in
developing the theory (eg. constant boundary
layer thickness, conservation of circulation) are
likely to become invalid.

5. Theoretical predictions and comparison
with experiments.

The predictions of the extension of the McCabe
analysis have been compared with experimental
limiting streamline patterns for colliding
shock-shock and a limited number of colliding
shock-expansion interactions. The predictions for
shock-shock intersections will be discussed
first. From the limiting streamline patterns,
angles were measured along a series of lines
through the interaction region. A typical result,
that for the interaction of shocks generated by
wedges at angles of 39 and 5° to the flow, is
shown in Figure 8. Also shown are the predictions
of the theory which compare reasonably with the
deflection angles at the shock positions. In all
cases tested the theory predicts that the
magnitude of the final deflection angle is less
than the largest of the deflection angles behind
the primary shocks.

As anticipated in section 3, the theory
predicts that the final limiting streamline
deflection angle is dependent upon the order in
which the vortex tube element encounters the
shocks. 1In general this results in the prediction
of convergence or divergence of limiting
streamlines downstream of the intersection. For a

|

given wedge combination the theory suggests a
diverging pattern at low Mach numbers and a
converging one at high Mach numbers.

Theoretical predictions as a function of Mach
number, for a range of wedge pairs, are shown in
Figure 9. Here the rate of convergence of
limiting streamlines increases with Mach number
and shock strength.

A typical limiting streamline pattern for a
shock-expansion intersection is given in Figure
10. The theory predicts and the experimental
results indicate that the limiting streamline
deflection angle is increased downstream of the
intersection. The theory also predicts converging
and diverging limiting streamline patterns for
shock-expansion intersections. Convergence, when
it is predicted, occurs at only a low rate at low
Mach numbers and the rate of divergence increases
with Mach number and the strength of the shock
waves and expansion fans. A different form of
limiting streamline pattern containing a line of
convergence is suggested by the theory (and also
by superposition of single interaction resultss$)
when a shock wave, not quite strong enough to
cause separation, intersects with an expansion
fan. The limiting streamlines are then predicted
to be deflected through an angle greater than that
of the reflected shock. The expected limiting
streamline pattern is sketched in Figure 11. This
pattern also has an open separation form. The
rate of convergence from upstream is much higher
than that from downstream.

The deflection angles measured at the position
of the reflected shock or the centre of the
reflected expansion fan are compared with theore-
tical results in Figure 12. Again reasonable
predictions of the levels are obtained. For the
shock—expansion intersection experiments the
observed divergence of limiting streamlines is in
qualitative agreement with the theory. However,
the experimental results indicate a detectable
amount of divergence for the shock-shock inter-
sections while the theory suggests a small amount
of convergence of limiting streamlines downstream
of the intersections. The theory does predict
that there will be some divergence for this type
of interaction at low Mach numbers with the
change-over point occurring at Mach numbers
between 1.5 and 1.7, depending on the shock
generator combination. The rate of convergence or
divergence increases either side of the
change-over Mach number.

There 1is another factor, that the theory does
not take into account, which explains the fact
that the experimental results indicate divergence
in all cases examined. That is the experimentally
observed reduction in limiting streamline
deflection angle with increased distance down-
stream of the shock in single interactions. It
was noted in section 4.2 that superposition of
limiting streamline patterns predicts divergence
of streamlines downstream of the intersection.
Such an effect will act against the tendency of
convergence and possibly move higher the Mach
number at which a change-over from divergence to
convergence occurs from that predicted by the
present theory. Experiments at higher Mach
numbers are necessary to determine whether the




predicted limiting streamline convergence does
occur and where the change-over takes place.

Paynter10 produced an analysis to predict
boundary layer profiles downstream of multiple
weak swept normal shock interactions and predicted
a cross flow into the corner region downstream of
the reflection of a shock wave from a wall. He
suggests that this is consistent with reported
experiments at a free stream Mach number of 2.4.
This type of interaction is quite similar to those
being considered here except for the complications
that arise at shock reflection in the presence of
a wall boundary layer. A cross-flow towards the
wall is consistent with present predictions.

7. Conclusions.

The nature of intersecting swept normal shock
wave boundary layer interactions has been
discussed in the light of experimental results.
The twisting of the boundary layer was found to be
reduced downstream of shock intersection. Inter—
secting shocks will achieve a given pressure rise
with less likelihood of separation than the same
pressure rise achieved through a single swept

" shock wave. A simple theory, due to McCabe+4, has
been extended to predict limiting streamline
deflection angles in intersecting and merging
shock wave and expansion fan interactions. The
theory shows reasonable agreement with
experimental results for intersecting shock-shock
and shock-expansion interactions. However further
experiments are required to determine the accuracy
and applicability limits of the theory.
Qualitative predictions for intersecting wave
interactions suggest that a form of open
separation may occur downstream of the
intersection but no conclusive experimental
evidence of this has been found.
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Figure 3 Limiting streamline pattern for shock
intersection due to wedges at 3° and 5° to the
flow.
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Figure 1

Intersecting shock interaction with a
turbulent boundary layer.
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Figure 2 Surface pressures for shock intersection
due to wedges at 3° and 5° to the flow.

Solid
lines - measured pressures, chained lines -
inviscid pressures, double lines - shocks.
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Figure 4 Proposed limiting streamline patterns
for shock-shock intersections, (a)diverging,
(b) converging.
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Figure 8 Limiting streamline deflection angles,
@, for shock intersection due to wedges at 3°
and 5° to the flow. Solid lines - measurements,
chained lines - theoretical predictions.
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Figure 12 Limiting streamline deflection angles,
@, at shock or centre of expansion fan. Shaded
regions - measurements, solid lines - theoretical

predictions.



