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ABSTRACT

A variable incidence wedge, mounted from the
side of a supersonic tunnel, has been used to
study 3-D glancing interaction. A wedge-generated
oblique shock-wave interacts with the thick
turbulent boundary layer growing along the tunnel
side wall. Two related test programmes have been
completed using a 6em x 6cm intermittent tunmel
and a 23cm x 23cm continuous tunnel, both
operating at a Mach number of approximately 2.5.
The experimental results include oil-flow pictures,
vapour—-screen and smoke photographs, surface
pressure distributions, local heat transfer,
liquid crystal pictures of surface temperature,
and viscous layer surveys. The test data show
that the interaction is complex, with an induced
layer which originates near the root of the wedge,
spreading and crossing the path of the side wall
boundary layer. Separation is defined by the
appearance of a complete convergence line in the
surface-oil-flow pictures. No separation occurs
as long as the surface stream lines are pliable
enough to be bent along the edge of the induced
layer, even when the surface flow deflection
exceeds the shock angle. However, separation
does take place when the induced layer forces the
surface stream lines to deflect beyond a maximum
permissible angle. A correlation of incipient
separation data is given.

1. INTRODUCTION

The term'glancing interaction'covers any
flow in which an oblique shock wave generated by
one surface, interacts with the boundary layer
growing along another. Typical examples of
glancing interaction occur at wing-body and
tail-fin junctions, and in engine intakes. Two
separate but related programmes are described
here. In the 6cm x 6em (23in. x 2§in.) tunnel a
variable incidence wedge was mounted on the roof
of the wind tunnel and spanned the test section.
Hence there was a thick boundary layer on both
the shock generator, and the side walls across
which the shock glanced.

In the larger, continuous tunnel a variable
incidence sharp-edged flat plate was mounted from
the tunnel side wall as shown in figure 1. The
model span was 807 of the test section width and
the plate was mounted well above the floor in
order to be clear of the boundary layér there.
For both test programmes the Reynolds numbers
were high enough for the boundary layers to be
turbulent and no trips were used.

The objectives of the study were:
(i) to measure the pressure and heat transfer
distributions over the side~wall interaction
region,
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(ii) to describe and understand the development
of the flow field, particularly the boundary
layer behaviour,

(iii) to define a separation criterion and relate
it to the oblique shock strength causing
the disturbance.

Notation

c equivalent thermal capacity per unit area of

the calorimeter

Ch  Stanton number
Ch  Stanton number with no shock generator
° present (i.e. the flat plate value)
h heat transfer coefficient
heat transfer coefficient, Pyrex to air
a (see figure 3)
hb heat transfer coefficient, aluminium to Pyrex
wall (see figure 3)
p static pressure
Py free-stream pressure, pressure far ahead of
the interaction region
p, pressure behind the theoretical oblique shock
wave (inviscid flow)
t time
T static temperature, %
Ta air temperature (see figure 3)
Taw adiabatic wall temperature
Tb temperature of aluminium backing plate
(see figure 3)
T temperature of the Pyrex calorimeter
& (see figure 3)
To stagnation temperature
'I‘w wall temperature
X, Y cartesian co-ordinate system parallel
and normal to the free-stream direction,
origin at the leading edge of the shock
generator
X, ¥ cartesian co-ordinate system along and
& 8 normal to the wedge generator surface,
origin at the leading edge
X Y inviscid shock location in the X-Y plane
X , ¥ inviseid shock location in the Xg—Yg
gs’ 8s plane
61 wedge angle for incipient separation
68 wedge angle-degrees
60 the 99.5% boundary layer thickness just

upstream of the interaction region



2. THE EXPERIMENTAL PROGRAMMES

A list of the techniques used in each of the
two test programmes (A and B) is given in Table 1.
The working section test conditions are given in
Table 2.

Table 1  Test Programmes

A 6 cm x 6 cm Intermittent Tunmel

B 22 cm x 22cm Continuous Tunnel

Techniques used:

Schlieren A, B
Surface oil flow A, B
Vapour screen A, B
Smoke B
Surface static pressure A, B

Surface heat transfer

Copper slug—calorimeter gauges A
11 "

Pyrex B

Boundary layer probe survey

— upstream boundary layer A, B

- region downstream of the

shock A
Encapsulated liquid crystal
technique A
Table 2 Test Conditions
Programme A
Mach No. 2.4
Reynolds No. 1.0x107/m (2.5x105/in)
Initial boundary layer conditions
- 99.57 thickness Smm (0.2in)
- displacement thickness 2mm (0.071in)
- momentum thickness 0. 4mm (0.015in)
Stagnation pressure 720mm Hg (14psi)
Stagnation temperature = 290°K
Programme B

Mach No. 2.3
Reynolds No. 0.3x10" /m  (0.8x10°/in)
Initial boundary layer conditions
- 99.57 thickness 15mm (0.6in)
— displacement thickness 4mm (0.15in)
- momentum thickness 1mm (0.04in)
Stagnation pressure 200mm Hg (4psi)
Stagnation temperature = 290°K

3. EXPERIMENTAL TECHNIQUES

Many of the techniques employed were fairly
standard and a very full account of all the
methods used is given in Ref.l. Hence only an
abbreviated account is given here.

3.1 0il Flow Pictures

A mixture of titanium dioxide suspended in
motor oil was used with a drop of oleic acid added
to prevent coagulation of the titanium dioxide.
The surface flow pictures were usually taken

through the glass windows while the tunmel was
still running.

3.2 Vapour—Screen Pictures

The vapour.was formed from water, sucked
directly into the settling chamber. Illumination
was by a 250w slide-projector.

3.3 Static-Pressure Measurements

About two hundred side wall pressures had to
be measured so a scani-valve system was used
feeding a diaphragm—type pressure transducer.

The readings were automatically printed out by a
data-logger.

3.4 Heat-Transfer Measurements

In the small intermittent tunnel a slug-
calorimeter was used (kindly loaned to us by
Princeton University). Details of the instrument
and the intended method of-use are given in the
paper by Oskam et.al.(Ref.2). The unit supplied
had three calorimeters mounted flush in a 50mm
dia. disc. The slugs are initially heated by a
tiny jet of hot air to a temperature typically
20 K above the tunnel wall temperature which in
turn is about 20°K above the adiabatic wall
temperature. When the tunnel starts the hot jet
is stopped, the slug cools rapidly, through the
wall temperature, towards the adiabatic wall
temperature. The slug cools rapidly since its
thermal capacity is much smaller than that of the
tunnel wall, from which the slug is of course
insulated. 1In practice we found that the initial
heating caused interference between the three
slugs due to convection. A modified technique was
adopted as described in Ref.3 by Davenport. Even
then the accuracy of the results was not good and
the size of the plug in which the three slugs were
mounted prevented us from attaining the resolution
required. The poor accuracy was primarily due to
the small value of the 'driving' temperature
difference available (Ty— Tay). Thus relatively
small changes of Ty with time, and of Ty with
position, significantly changed the driving
temperature from the constant value assumed in
reducing the data.

The Princeton slug calorimeter could have
been used in the larger continuous tunnel (by
suddenly altering thé cooling water flow to the
tunnel and hence the stagnation temperature of the
air). However in the light of our earlier
experience it was decided to adopt a somewhat
novel Pyrex slug-calorimeter technique. About 60
thin-film, platinium-resistance thermometers were
sputtered on a Pyrex glass plate in the usual way.
The complete model is shown in fig.2. By operating
the cooler at maximum conditions it was possible
to hold T, about ZOOK below Ty (room temperature).
The thin film to be used was first employed as a
heater by passing a steady current of about 30mA
through it. Thus a certain volume of the plate in
the neighbourhood of the gauge was heated to around
5" above the reference wall temperature as shown
in fig.3. The current was then reduced to 3mA
and the gauge operated in the usual way as a
thermometer measuring the time-temperature history
of the local volume of substrate which acts as a
calorimeter. By comparing the temperature record
with the corresponding history for wind-off
conditions the heat transfer coefficient can be
obtained. With reference to fig.3 the heat
balance is



dT
c d—tg = (T T) - b (T T). ()

Assuming that the heat transfer coefficients,
hg and hp, are independent of temperature and
that T, and Ty are independent of time then
equation (1) may be re-written as

dr
c E& + (h+ ) (Tg- T) = W(L-T) , (2

where the right hand side is now independent

of t. The appropriate solution is
R R Sl S
T - T P c :
g W
where Tg- is the initial value of T .

A plot o% T, (t) will therefore provide (h,+ hy)/C
where C is Rnown and by can be obtained from
wind off measurements. Full details are given

in Ref.l.

3.5 The Encapsulated Liguid Crystal Technique

Liquid crystals were used in an attempt to
visualise the global temperature distributions on
the side wall surface (in the intermittent tunmel
only). A number of different surface materials
were used but hardboard, painted black, was the
most successful, The crystals, diluted with an
equal amount of hot water, were sprayed on the
hardboard and allowed to dry. When the tunmnel
was started the air began to cool the board
surface, and the crystals responded to the local
surface temperatures by displaying colour
patterns changing with time. Colour pictures
were taken at various times during the typical
ten second running time using a motor-driven
camera.

3.6 Viscous Layer Surveys

Small individually designed probes were made
to measure pitot pressure, static pressure and
yaw-angle. For yaw a double tube Brobe was used
with the open ends chamfered at 45 . A probe
drive system allowed the probes to be moved
normally to the wall surface and pitched to align
them with the local flow direction.

4. EXPERIMENTAL RESULTS

In many ways programme A acted-as a pilot
study for the main programme (B). Hence in this
paper we concentrate on the measurements made in
the larger, continuous, wind—tunnel.

4.1 0il Flow Pictures

0il flow pictures taken om both the side-
wall and wedge-generator surfaces are shown in
figs. 4, 5, 6 and 7, for wedge angles of between
7 and 15°. Concentrating for the moment on the
side wall pictures it is obvious, even for 8= 7°,
that the upstream influence of the shock is
large, with the surface lines bending upwards far
ahead of the 'inviscid shock' position (i.e. the
position of the oblique shock wave in the free
stream). However the surface streamlines do pass

'through' the shock position and move off down-
stream. Still on the side wall but very close to
the corner the surface streamlines diverge (see
the divergence line marked on the picture) and
this is an early indication of a vortex tucked in
the wall-wedge junction. Above this divergence
line the surface streamlines move upwards con-
verging very gradually with other surface stream-
lines that have penetrated the shock posigion.
This convergence is more marked at §,= 10 and all
the surface streamlines now lie at an angle
greater thanm the shock angle, with an 'incomplete
convergence' line (i.c.) separating surface
streamlines originating upstream of the shock
from those originating from below. At § = 13°
the convergence between the two flows is striking.
A curved 'complete convergence'’ line lies like

a 'bow wave' ahead of the wedge. Into this line
surface streamlines from both upstream and down-
stream 'disappear'. This implies that material
once very close to the surface, has moved away
from the surface and thus we have defined
separation by the appearance of a complete
convergence line (marked CC on the photographs).

Again ‘at 8g= 15° the most dominant feature
in the oil flow picture is the CC lime running
from near the leading edge of the wedge, right
across the side wall to interact with the roof of
the tunnel. On the shock generator surface, near
the corner, another convergence line is clearly
visible and at a similar distance from the corner
but on the side wall it is just possible to sece
a divergence line. These lines confirm the
existence of a corner vortex. Flow initially
passing over the wedge 'lifts off' and rolls over
the vortex onto the side wall. Some flow enters
the corner vortex itself but the rest moves up
and across the tunnel side wall. However a close
study of fig.7 (and also fig.6) shows yet another
important flow feature. The surface oil lines
which do 'escape' the corner vortex and move up
the side wall (towards the calculated inviscid
shock position, see fig.7) form an 'S’ shaped
pattern suggestive of some kind of spiralling
flow close to the wall. The pictures also
suggest that flow becomes more sluggish as the
CC line is approached. Our interpretation of
these complex patterns is given later but the
driving mechanism is clearly the high pressure on
the wedge generator trying to 'escape up the side
wall' and the side wall pressure in turn trying
to 'escape' forwards through the boundary layer.

The surface oil flow patterns on the wedge
generator are also quite complex and are
associated primarily with the shock shape formed
by the interaction of the oblique-shock and the
thick side-wall boundary-layer near the leading-
edge-root region. The wedge surface is not’
considered further here since it was not the main
area of interest. Further discussion of this
region is however made in Ref.l.

4.2 Pressure Distributions

Isobar patterns are shown in fig.8 for three
typical wedge angles. The most interesting
feature is that the isobar pattern is roughly
'conical' in nmature, particularly at the larger
wedge angles. It is also obvious that the
pressure propagates far upstream of the inviscid



shock position and that the CC (separation) line
is near the forefront of the pressure rise. Fig.9
demonstrates the same features in another way,
the pressure distributions being measured along
lines parallel to the wedge generator surface.
The zero position is the calculated statiom for
the inviscid shock wave, the large upstream
influence is therefore immediately evident.

The inviscid pressure rise is also marked on the
figures. Away from the corner the pressure takes
a considerable distance over which to reach the
final inviscid value. Fig.9 shows that the total
pressure rise at §4= 7 is gradual over the whole
interaction region but at the larger wedge angles
(8g = 10" and 137) the pressure rise is made in
two distinct steps. The pressure rises quickly
in the neighbourhood of the convergence line,
then tends to level out before rising again to
the required inviscid level. These patterns are
reminiscent of two dimensional separated flow,
where the separated zone is characterised by a
'plateau'’ in the pressure distribution.

This two-step pressure pattern has been
found in similar studies elsewhere (e.g. Ref.4)
and fig.l0 compares some measurements at M = 6
with the current study. In each case a
convergence line had already appeared in the flow
pattern (the position of the convergence line is
marked on fig.10) and in each case the line
precedes a pressure plateau region.

4.3 Heat Transfer Distribution

Lines of constant Ch over the whole side
wall area are plotted in fig.1l. At 7° fig.1lla
shows no region of high heat transfer. At 10° the
pattern is complex (fig.l11a) with two regions of
high Ch , one near the convergence line, the
other near the corner. The latter is probably
associated with the attachment line of the cormer
vortex. These two zones persist at §_ = 13°
(fig.11b). Although the overall pattern begins
to look more conical, the important influence of
the wedge leading-edge root-region distorts the
picture. Taking vertical slices through fig.llc
gives the distribution shown in fig.12. Looking
at the distribution from top to bottom the first
increase in Ch 1is associated with the oil flow
lines crowding together and the pressure rising.
It lies just ahead of the convergence (separation)
line. The major peak in Ch lies mnear the
corner and is clearly associated with corner
vortex. In between these peaks the local value
of Ch/Ch, does rise to > 1.5 in what we believe
to be a weak vortical region following separation.

Fig.12 also shows the results of two other
studies (Refs.5 and 6) which show similar
distributions where convergence lines have
already appeared in the flow pattermns.

4.4 Vapour Screen and Smoke Pictures

Fig.13 shows a selection of vapour screen
pictures recording vertical slices of the flow
field for §g = 13° . The pictures are not easy
to interpret but the curvature of the shock as
it approaches the wall is clearly visible to-
gether with some suggestion of bifurcation.
shape of the shock matches the calculated and
measured shock position in the freestream (see
right hand side of the pictures) and is near the

The
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measured convergence line position at the wall,
There is a reasonably clear indication of a corner
vortex in most of the pictures and some indication
of the side-wall boundary layer thickness can be
obtained. At the smaller wedge angles the vapour
screen pictures were less interesting and are not
shown here. However even at §; = 7 there is clear
evidence of a corner vortex.

To try to improve the flow visualisation,
smoke was injected at various points through the
wedge and side wall surfaces. Two of the most
successful pictures are shown in fig.l4 together
with our interpretation. Fig.l4b is the clearest
evidence we have of the weak vortical separated
layer following the convergence line.

5. THE PATTERN OF FLOW DEVELOPMENT

From all the evidence available it has been
possible to construct the patterns shown in figs.
15 and 16.

For quite modest wedge angles a corner vortex
forms and in fig.15 this is an accepted feature
of an otherwise attached flow field. Our inter-
pretation of the various flow pictures, plus the
pressure and heat transfer distributions, leads
to a double viscous layer model in which part of
the wedge boundary layer pushes its way under the
side wall boundary layer as shown in fig.15. 1In
this way the side wall surface streamlines can
be deflected, through quite large angles, towards
an incomplete convergence line which marks the
extent to which the wedge boundary layer has
infiltrated. Fig.l5 is meant to be indicative of
flows up to §g = 10° in this investigation.

For larger wedge angles the adverse pressure
gradient becomes too severe for the side wall
boundary layer and it separates. A complete con-—
vergence line forms in the oil flow pattern and
a plateau develops in the pressure distribution.
The flow where the two viscous layérs are in
contact is highly skewed and they partly roll up
to form a weak vortex (above the corner vortex)
as indicated by the smoke pictures. The oil flow
pictures and the modest rise in heat transfer in
the middle of this zone support this description
and fig.16 is thought to represent the flows at
wedge angles equal to or greater tham 13~ in our
study.

It must be emphasised that both the corner
vortex and the weak vortical separated layer
postulated above, were of similar size to the
boundary layer thickness. (§) in our investigation
However if the longitudinal scale of the model
could have been increased then presumably the
vortex flows would have grown and could have
greatly exceeded the local value of 60 instead of
lying buried within it.

6. A CRITERION FOR INCIPIENT SEPARATION

There are, unfortunately, two different
criteria for determining the incipient separation
condition for a turbulent boundary layer inter-
acting with a skewed shock.



The first is due to McCabe (Ref.7). McCabe
accepted Maskell's definition of a separation line
(Ref.10) as an envelope of the limiting stream-
lines at the surface, but in McCabe's experiments
these lines were formed roughly parallel to the
shock. He therefore assumed that <neipient
separation occurred when the surface flow turned
parallel to the <{nmviscid shock wave direction.
McCabe developed a simple approximate theory by
assuming that the vorticity in the boundary layer
is convected through an oblique shock wave with
the velocity of the local external flow. This
enabled him to relate the flow deflection angle
at the surface to that at the edge of the boundary
layer. Then by equating the surface flow
deflection angle to the shock wave angle, the
wedge angle for incipient separation (§.) could
be calculated. *

Korkegi (Ref.8) showed that at high Mach
numbers, McCabe's criterion could be approximated
by the very simple relation M§; = 0.364 (assuming
y = 1.4). However at that time (1973) Korkegi
found that the best dgreement with experiment was
obtained by changing the constant to 0.3.
McCabe's criterion has the advantage that it is
relatively easy to measure experimentally, when
the surface oil pattern has turned through the
wave angle. By 1975 more data were available and
Korkegi (Ref.9) confirmed that the simple
correlation,

. M, 0.3 ,
was in good agreement with the experimental data
over the range 2<M< 6. The relevant figure from
Ref.9 is re-drawn in fig.l7a and our own data
added. Both McCabe's and Korkegi's calculated
values are also shown, together with the wedge

angle for shock detachment.

Since McCabe's tests many others have been
performed. They showed that it was often possible
to deflect the surface flow through angles
exceeding the shock wave angle before a
separation line was formed. Hence a second
criterion was derived directly from the 'ordinary
separation' model of Maskell (Ref.10). If a three
dimensional flow separates then part or all of it
leaves the surface. Streamlines that were on the
surface 'disappear', and separation occurs along
a convergence line into which the surface stream-
lines merge. According to Maskell's model the
surface streamlines should enter from both sides
of the separation line. However, Lighthill in
Ref.l4 considered the mass flux through a
rectangular streamtube adjacent to the surface.
If the surface streamlines converge then the
height of the rectangle must increase rapidly as
the separation line is approached and eventually
the flow 'lifts off'. From this simple argument
it is clear that a complete convergence with
streamlines entering from just one side is an
adequate definition of separation.

This description is physically more realistic,
and is the one we have adopted. Thus incipient
separation is defined by the first formation of a
complete convergence line. Below incipient
separation any oil 'line' that forms will widen
along its length to become more of a wedge-shaped
region, rather than a line. Conversely, in a well
separated flow, it may be possible to see stream-
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lines entering the narrow convergence line from
both sides. In practice, the interpretation of
oil flow pictures needs care. The oil pattern is
determined by many forces, including surface
tension and buoyancy, as well as skin friction and
pressure gradient. -The reaction of the oil film
to these forces is in turn dependent on some of
the properties of the oil mixture used, such as
density and viscosity. The difficulties of
interpretation are probably responsible for most
of the scatter in the experimental data (see
figs. 17a and 17b).

Our experiments show, like many of those
before us, (e.g. Refs. 2 and 5) that the surface
flow can be turned through angles considerably in
excess of the wave angle before a complete con-
vergence line is formed. Hence the values of &,
measured using this criterion are greater than
those measured using the ideas of McCabe. The
data are shown in fig.1l7b.

Comparing figs. 17a and 17b it is obvious
that the second criterion increases the value of
8; particularly at high Mach numbers. If anything
the data support the contention of Goldberg
(Ref.11) that 83 varies little with Mach number, a
very rough value being 8.

7. FINAL REMARKS

The glancing shock interaction studied here
comprises two viscous layers:

(a)
(b)

the side-wall boundary layer,

an induced layer coming from the shock
generator surface near the root.

The induced layer crosses the path of the side-wall
boundary layer and pushes up underneath it.

As long as the surface streamlines of the
side~wall boundary layer are pliable enough to bend
along the edge of the induced layer, no flow
separation occurs even if the surface flow
deflection exceeds the 'inviseid' shock angle.
However an ordinary separation does occur when the
induced layer forces the side-wall surface stream-
lines to bend beyond a maximum permissible angle.
They then coalesce into a complete convergence
line, 1ift off from the surface and roll over and
around the induced flow below.

A complex but consistent flow pattern
development is described which explains the
evolution of the measured pressure and heat-
transfer distributions.

A correlation of incipient separation data
(defined by the appearance of a complete con-
vergence line) is presented. The correlation is
compared with those given earlier by Korkegi and
McCabe.
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