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The effect of the upstream boundary-layer state on the
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In most experimental studies of the shock-wave/boundary-layer interaction at a
compression corner the boundary layer upstream of the interaction has developed in
zero-pressure-gradient conditions. However, in many practical situations the boun-
dary layer upstream of the interaction is subject to adverse or favourable pressure
gradients, and hence is in a non-equilibrium state. This paper presents the results of
a series of experiments on the interaction at a compression corner where the boundary
layer upstream of the corner is disturbed by air injected through a porous surface.
The results are thus of direct interest to the design of transpiration-cooled aerodynamic
surfaces. However, the boundary-layer profiles upstream of the interaction also have
many similarities to those in an adverse pressure gradient, so that the results also give
some indication of the effects of an isentropic compression upstream of the interaction.
The results are used to discuss existing correlations for upstream influence and to
study conditions for incipient separation. The experiments were made at Mach
numbers of 1-8, 2:5, 2:7 and 29, with corner angles of 8°, 10°, 12°, 13° and 14°.

1. Introduction

The development of supersonic and hypersonic flight, together with advances in
turbomachinery, has produced the need for a complete understanding of the inter-
actions between shock waves and boundary layers, and numerous experimental and
theoretical investigations of these interactions have been made, particularly of flows
with separation.

So far this research has yielded a fairly good qualitative insight into the structure of
the interaction. However, our understanding is still far from complete regarding the
basic mechanism of flow separation at the interaction, particularly the conditions
under which separation first occurs (incipient separation) and the complex effects of
Reynolds number and Mach number on incipient separation. Also, the majority of
previous studies concern the interaction of a shock wave with an equilibrium boundary
layer that has developed in a zero-pressure gradient. Although further investigations
are necessary on this type of interaction, most practical problems involve far more
complicated boundary layers. For example, on a transonic aerofoil the boundary
layer may undergo either a favourable or an adverse pressure gradient before it meets
a normal shock wave. A similar situation could be encountered at the hinge of a
deflected control. It is therefore important, from a practical point of view, to under-
stand the effect of the upstream boundary-layer state on the shock-wave interaction.

1 Present address: Gas Dynamics Laboratory, Princeton University, U.S.A.
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Squire & Smith (1980) conducted a series of experiments to investigate the influence
of the shape of the upstream boundary layer on the shock strength required to induce
separation at Mach numbers of 1-8 and 2-5. The interaction was produced on a flat
plate by an incident oblique shock wave of varying strength, and an air-injection
apparatus was used to alter the shape of the upstream boundary layer. By injecting
air through a porous plate and by changing the injection rate, the fullness of the
boundary layer profile can easily be reduced. This results in a decrease in skin-friction
coefficient and an increase in the shape factor of the boundary layer; this is similar to
the situation experienced in an adverse pressure gradient. Modifying the boundary-
layer shape in this manner has an advantage over creating an adverse pressure
gradient by varying the wall curvature in that the tunnel blockage problem can be
minimized. It should, however, be noted that the shock interaction took place on a
solid plate situated downstream of the porous plate where the boundary layer dis-
turbed by the injection was recovering under zero pressure gradient.

One surprising result obtained by Squire & Smith (1980) was that the shock strength
to produce incipient separation was virtually independent of the shape of the upstream
boundary layer. It had been thought intuitively that the presence of an adverse
pressure gradient or transpiration upstream of the interaction would promote earlier
separation. The scale of interaction and the growth of the separated region, on the
other hand, were found to increase rapidly with increasing injection rate. Squire &
Smith’s results suffered, unfortunately, from the effect of three-dimensionality,
mainly due to the incident oblique shock wave interacting with the boundary layers
on the sidewalls of the tunnel. In order to overcome this problem a series of com-
pression corners of different inclinations were used in the present investigation.

2. Details of the experiments

The experiments were performed in an intermittent supersonic wind tunnel at the
Engineering Department of the University of Cambridge as shown in figure 1. It was
essentially the same as that used by Squire & Smith (1980) except that the incident
shock generator was removed and the solid flat plate was replaced by a compression-
corner model. Upstream of the model there was a porous plate, through which air was
injected at a controlled rate to deform the boundary layer.

The experiments were conducted at Mach numbers of 1-8, 2-5, 2:7 and 2-9, and the
corresponding Reynolds numbers per metre were 3-8 x107, 3-8 x107, 4-0 x107 and
4:1 x107. For each Mach number, six injection rates, including zero, were used for
corner angles of 8°, 10°, 12°, 13° and 14°. The six injection rates are referred to here as
FP = 0,1, 2, 3,4 and 5, where zero corresponds to no injection and five to the highest
injection rate used. The actual injection rates pwVs/p,U,, are shown in table 1.

The main tests included measurements of static pressure distributions, and in the
absence of a shock wave (i.e. in the absence of a compression corner), pitot traverses
through the boundary layer and measurements of skin friction by a Preston tube. The
flow was also studied using schlieren and shadowgraph photography and two types
of oil-flow visualization. The first was the conventional method using a mixture of
titanium dioxide, oil and oleic acid to act as a dispersing agent (Maltby 1962). The
second method was an oil-bleed method devised by Smith (1977), in which a mixture
of oil and chemical solvent was bled into the tunnel through a pressure hole upstream
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Fi1eurE 1. Cross-sectional view of the working section.

M
FP 1-8 25 2.7 2-9
0 0 0 0 0
1 0-:0006 0-0009 0-0008 0-0009
2 0-0012 0-0016 0-0016 0-0017
3 0-0017 0-:0024 0-:0023 0-0025
4 0-0022 0-0031 0-0030 0-0032
5 0-0027 0-0038 0-0036 0-:0039

TABLE 1. Actual injection rates p,V./p,U,, corresponding to the values of the injection
parameter, FP

of the interaction. Once on the surface the solvent evaporated leaving a mobile oil
film on the surface.

In order to measure boundary-layer profiles upstream of the corner in the absence
of the shock, the test surface was replaced by a flat surface and a traverse system was
mounted downstream. This traverse system could be used to traverse the boundary
layer with a variety of probes including a flattened Pitot tube for boundary-layer
profiles and a circular Preston tube for measurement of skin friction (using the
Bradshaw & Unsworth (1973) calibration). The temperature profile through the layer
was not measured. Instead it was assumed that the temperature was related to the
velocity by the relation

T = Tw+(T,—Tw)(%e)—(Tr—TL) (%)2 (1)

where T is the measured wall temperature, 7}, is the free-stream static temperature
calculated from the tunnel stagnation temperature, and 7' is the recovery temperature.
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Fiaure 2. Velocity profiles of incoming boundary layers at X = 47:2 mm.
(@ M=18,b M=25 0, FP=0;Q,FP=38;V,FP=35.

During the 60 s tunnel run the stagnation temperature rose by about 5 °C while
the wall temperature fell by about the same amount, so that the ratio T /T; varied
between 1-05 and 1-01 during the run. Instantaneous values of T, T}, and T, were
used in (1), and the accuracy of the approach is fully discussed by Chew & Squire
(1979).

3. Basic results
3.1. Upstream boundary-layer state

Typical results of the boundary-layer development measured in the absence of a
shock wavs (i.e. in the absence of a compression corner) at the six injection rates at
M = 1-8, 2-5, 2-7 and 2-9 are presented in figures 2-6. Emphasis is placed on the effect
of injection on the various boundary-layer parameters at = = 47-2 mm, where the
compression corner is to be installed.

The velocity profiles for sample injection rates measured at 47-2 mm downstream
of the porous—solid-plate junction (i.e. the position of the compression corner) are
plotted as u/U, against /4 in figure 2 for Mach number of 1-8 and 2-5. As can be seen,
the profiles tend to become less full with increase in injection rate and suggest a
stronger wake component with increasing injection rate. Figure 3 shows the variation
of the boundary-layer thickness (u/U, = 0-995) in the streamwise direction for all the
injection rates. The thickening of the boundary layer as a result of the increased
injection can clearly be seen.

In order to show the variation of boundary-layer shape along the surface the in-
compressible shape factors H, are presented in figure 4;

s % s u\ u
= (-g) [, (1-5) v

This factor, rather than the true shape factor H, was chosen because H is strongly
dependent on Mach number, and hence it is difficult to compare results at different
Mach numbers. As will be seen the boundary layer is relaxing along the plate with H;
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F1oURE 4. Incompressible shape factors of incoming boundary layers. Key as in figure 3.

slowly falling from the high values that occur at the end of the region of injection. In
the absence of injection H; is close to 1-35 at all Mach numbers, and with injection H;
has values of about 1-6 at the position of the compression corner with the highest
injection rates at the higher Mach numbers. The significance of this increase in Hj in
terms of an equivalent adverse pressure gradient is discussed fully by Squire & Smith
(1980). Here it is sufficient to point out that in one experimental study where the
freestream Mach number fell from 4-0 to 2-0 in about 40 boundary-layer thicknesses
the measured increase in H; was about 0-15 above the value of H; in a constant-Mach-
number stream at 4-0.

The corresponding variations in skin-friction coefficient are shown in figure 5. As
can be seen, there is a dramatic reduction in skin friction immediately downstream
of the porous surface with injection. However, downstream of the porous surface the
skin friction increases before reaching a fairly constant level in the region where the
compression corner is to be installed (X = 47-2 mm). The reduction in skin-friction
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FiourE 5. Skin-friction coefficients of the incoming boundary layer. — - —, Spalding & Chi
(1964); — — = - — , Winter & Gaudet (1970). Experimental points as in figure 3.

coefficient achieved at X = 47-2 mm by the highest injection rate at M = 1.8 is
approximately 259, and at M = 2-5, 2-7 and 2-9 is 45 to 50 9%, of the values without
injection.

The chain line and the broken line shown in figure 5 indicate the skin-friction
coefficients obtained respectively from the skin-friction coefficient formulae of
Spalding & Chi (1964) and Winter & Gaudet (1970) at X = 47-2 mm without injec-
tion. The present data are seen to lie near the lower limit of their claimed accuracy.

Figure 6 shows the velccity profiles at X = 16 mm plotted in law-of-the-wall co-
ordinates, using a transformation to incompressible flow based on mixing length as
suggested by van Driest (1951). In all cases the measured values in the inner region
are in excellent agreement with the incompressible law of the wall. It will also be
seen that the decrease in fullness of the velocity profiles is reflected in an increase in
the wake component that resembles that in an adverse pressure gradient. The stronger
wake component with increasing injection rate is, however, due entirely to the
upstream effect of the injection, since the local pressure gradients are small.

In the absence, of injection the momentum thickness just ahead of the corner
position is about 0-5 mm, so the Reynolds number based on momentum thickness is
close to 20000, which indicates that the boundary layer is completely turbulent in all
conditions. In fact, early investigations by Jeromin (1966) in the same tunnel showed
that the boundary layer was fully turbulent at positions well ahead of the porous
plate.

3.2. Two-dimensionality

Before proceeding any further, it should be recalled that the earlier tests by Squire &
Smith (1980) showed considerable signs of three-dimensional flow, and it was sug-
gested that this three-dimensionality was associated with the interaction between the
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Ficure 6. Law-of-the-wall plots at X = 16 mm. {, FP = 0; O, 3; V, 5.

incident shock and the sidewall boundary layers. In particular, the centreline pressure
distributions showed a clear hump in the interaction region, but this hump was absent
in the pressure distributions measured off the centreline. Figure 7 shows the corres-
ponding results obtained in the present study at M = 2-5 with zero injection. It will
be seen that there is no sign of a hump in the pressure distributions and that the
results on and off the centreline are virtually identical. Similar results were obtained
with injection.

The results of the oil-flow visualization (see below; figure 14) also indicate that the
flow is two-dimensional. The streaklines run parallel to one another all through the
interaction. The separation lines, when present, are straight over most of the model
span and normal to the flow direction. There are signs of three-dimensional effects
very near the sidewalls, where, as opposed to the incident-shock interaction, the
streaklines appear to be deflected away from the tunnel centreline after passing
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Fiaure 7. Static pressure distributions on and off the centreline without injection. O, centreline;
A, 20 mm off centreline (right-hand side); ll, 20 mm off centreline (left-hand side).

through the shock wave. However, these regions are confined to a small portion of the
model span (approximately 7 %, of the model span) and are considered to give negligible
effects on the shock-wave interaction that takes place over the major part of the model

span.

It can therefore be concluded that in the shock-wave interaction at the compression
corners used for the present experiments the two-dimensionality of the flow is satis-

factory.
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Fiaure 8. Static pressure distributions at M = 1-8. A, FP =0; x, 151, 2; A, 3; @, 4; 1, 5;

——, inviscid pressure distribution.

3.3. Static pressure distributions

Typical static pressure distributions through the shock interaction for two of the four
Mach numbers investigated are shown in figures 8 and 9. The pressure is normalized
by the pressure P, upstream of interaction. The results for the six injection rates,
including zero injection, are plotted together at each corner angle. The distributions
downstream of the corner at « = 13° may be unreliable, since this corner was made
by machining off the ramp face of the 14° corner. It should also be noted that the
results for the corner angle of 14° at a Mach number of 1-8 are not included since the
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tunnel did not start completely in this condition. In figures 8 and 9 the pressure rise
in inviscid flow is indicated by the solid line. It can be seen from the figures that under
all conditions the pressure starts to rise upstream of the corner. This upstream
spread of pressure, normally termed ‘upstream influence’, increases with increasing
injection rate and corner angle. This is true at all the Mach numbers investigated.
In general, increasing the corner angle from the lowest to the highest angle causes
a three- to fourfold increase in upstream influence. Similarly, with the highest
injection rate used an approximately fourfold increase in upstream influence is
achieved as compared with the zero injection case. With the highest injection
rate at o = 13° and 14° at M = 2-9 the pressure starts to rise upstream of the
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porous—solid-plate junction. The behaviour of the upstream influence will be discussed
in detail in §4.

At each corner angle, except at a = 8°, the corner pressure is almost independent
of the injection rate, and when the measured corner pressures at all Mach numbers are
plotted together (figure 10), it is seen that they do not depend on the Mach number.
This may be coincidental, but is an interesting phenomenon. Figure 11 shows the
ratio of the corner pressure achieved in the experiments to the pressure that would be
reached if the flow were inviscid. The corner pressures shown are the average of the
six injection rates. It is seen that although the ratio P./Py,v decreases with increasing

13
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Mach number, it decreases roughly linearly with increasing corner angle at each
Mach number.

A constant pressure level, which is close to the inviscid pressure rise for each corner
angle, is reached downstream of the corner at zero injection. At all the corner angles
at M = 1-8 and at the smaller angles at M = 2-5 the pressure distributions down-
stream of the corner are not much influenced by the effect of injection, and they all
take a similar shape after the corner, irrespective of the injection rate. At M = 1-8
with & = 12° the pressure increases after reaching the inviscid level. This increase is
due to the impingement of the extraneous wave issuing from the junction between
the end of the supersonic liner and the wooden block attached behind it on the down-
stream side of the corner. This liner configuration had to be used to avoid the tunnel
blockage. The effect of this wave, however, is confined to far downstream of the corner
and can be considered negligible for the analysis of the upstream influence to be
discussed in §4. Under other conditions the pressure distributions become less convex
with increasing injection, and at the higher injection rates the pressure does not
become constant within the measuring region, although other tests have shown that
the pressure does tend to a constant level by the end of the wedge. The wedge was
made as long as possible consistent with the establishment of satisfactory flow in the
tunnel, and its length is more than 8 times the thickness of the thickest incoming
boundary layer (FP = 5, M = 2-9). The work of Hunter & Reeves (1971) suggests
that this length is sufficient to prevent any upstream influence from the trailing edge
of the wedge, even when separation is present. In fact a series of tests at M = 2-5 with
a wedge angle of 13° showed that the pressure distribution and upstream influence
was unchanged as the length of the wedge was reduced from 100 to 50 mm, so the
results shown in figures 8 and 9 should be free of interference effects.

3.4. Schlieren and shadowgraph photography

A large number of schlieren and shadowgraph photographs were taken during the
experiment, and some selected photographs are shown in figures 12 and 13. The
location of the junction between the porous and solid plates is marked by an arrow
in the first photograph of figure 13; in all cases a wave can be seen to originate from
the junction. The effect of this wave on the flow downstream of the junction is con-
sidered to be minimal, since the static pressure measured at 5:5 mm downstream of
the junction showed no appreciable difference from the pressure measured further
downstream. This is probably due to the neutralization effect of the expansion and
compression waves. The expansion waves are produced by the sudden decrease in the
rate of growth of the boundary-layer thickness as a result of the cessation of injection.

With no injection present, the shock wave appears to emanate at or very near the
corner position and is very thin in the photographs, suggesting that the flow com-
pression takes place over a very short distance. With increasing injection rate and /or
corner angle, the shock wave is seen to move further upstream, resulting in an increase
in upstream influence.

Within the boundary layer, the shock wave or compression waves are seen to be
generated very near the wall and they are nearly normal to the surface near the wall,
owing to the Mach-number gradient in the boundary layer. It is also seen that at the
higher injection rates they are standing at larger angles over a considerable portion
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M=18,a=8° (V) M=25,a=10° (V)

(H) Horizontal cut-off, (V) Vertical cut-off
F1aurE 12. Schlieren photographs.
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M=27,a=12° (V) M=29,a=12° (V)

M=29a=14" (H) M=2T,a=13

Shadowgraphs
Fi1gure 13. Schlieren and shadowgraph photographs.
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Fieure 14. Oil-flow photographs. () M = 1-8, o = 8°, FP = 3; (b)) M = 25,
a = 14°, FP = 5.

of the boundary-layer thickness than those at the lower injection rates. This is because
the Mach number gradient in the vertical direction becomes milder and hence a lower
Mach number exists over a greater distance from the wall with increasing injection
rate.

Some visual observations were made while the tunnel was running to check for the
possible instability of the interaction. These were carried out by placing a sheet of
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tracing paper over the working section window so that a full size shadowgraph could
be projected on it. The shock wave was found to shudder slightly. The amplitude of
its oscillation, however, was too small to be measured from a series of spark photo-
graphs taken for the same experimental condition.

3.5. Oil-flow visualization

Two sample titanium dioxide oil-flow patterns taken at M = 1-8 witha = 8°, FP = 8
and at M = 2-5 with & = 14°, FP = 5 are shown in figures 14 (a) and (b) respectively.
In figure 14 (a) the oil stagnated at the corner, but the flow was not reversed. The oil
pattern shown in figure 14(b) is very faint, since much smaller amounts of titanium
dioxide pigment had to be used at higher injection rates than at zero injection because
of the much-reduced wall shear stress. Note the presence of two accumulation lines
upstream of the corner C. It was found from the movement of the oil that the second
line B (the one nearer to the corner) was the separation line. The first accumulation
line 4 could well have been produced by the balance between the wall shear stress
acting downstream and the pressure forces acting upstream, as discussed by Chapman,
Kuehn & Larson (1958). Chapman ef al. found that the first upstream accumulation
line was formed at the position where the pressure rise was (1-3 + 0-1) P,. In the present
study, the pressure rise was slightly higher; roughly 1-57 P,.

As described in §2, another method of oil flow was also used to detect incipient
separation. This method involved bleeding a light oil through a pressure tapping
upstream of the interaction. The oil ran downstream and, if there was a separation,
stopped at the separation line. Occasionally oil left the line of oil at the separation line
and droplets were swept downstream. The reattachment position was identified as a
formation of oil droplets downstream of the corner, most of which travelled very
slowly in the downstream direction. Some of the droplets were seen to be entrained
into the separated region, forming streaklines. At each corner angle the injection rate
was continuously decreased from the maximum to zero so that the separated region,
if present, could be reduced to zero. The injection rate was also gradually raised,
starting from a lower rate than that at which incipient separation was found to occur,
in order to check for possible hysteresis. No apparent hysteresis was found. This
method proved to be quite sensitive, but unfortunately was difficult to photograph,
80 no results are reproduced here.

4. Discussion
4.1, Upstream influence

One of the problems arising in a shock-wave /boundary-layer interaction is that the
pressure rise produced by the shock wave propagates upstream through the subsonic
part of the boundary layer, and as a result a discontinuous change in pressure, as
would occur if the flow were inviscid, cannot be achieved. For the purpose of analysis,
the upstream influence, or upstream interaction length Al, was determined by the
method used by Settles & Bogdonoff (1973). They defined it as the distance from the
corner position to the intersection of the maximum pressure rise slope with the z-axis
(figure 15).

The upstream influence lengths found in the manner described above were nor-
malized by the boundary-layer thickness at the corner position 8., which had been
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measured in the absence of a shock wave at the appropriate injection rate, and are
plotted against corner angle for each Mach number in figure 16. It can be seen that
the upstream influence length Al/8., increases with increasing injection rate at each
corner angle. Thus the increase Al in upstream influence is more rapid than the
increase in boundary-layer thickness produced by the increased injection. Normalizing
Al by the boundary-layer thickness at the start of the interaction would give similar
results because & varies very slowly with 2.

In a supersonic flow the upstream transmission of the pressure rise produced by a
shock wave must take place through the subsonic part of the boundary layer. Squire
& Smith (1980) suggested that the increase in interaction length with increasing
injection rate was due to the increase in thickness of the subsonic layer; they demon-
strated that a good correlation could be obtained when the interaction length was
normalized by the subsonic-layer thickness evaluated at the shock-impingement point
and was plotted against peak pressure ratio. The subsonic-layer thicknesses used for
this correlation were those measured in the absence of a shock wave.
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Under the adiabatic wall condition the sonic point corresponds to u/U, ~ 0-64 at
M = 1-8 and to lower values at higher Mach numbers, reaching u/U, ~ 0-51 at
M = 2-9. Therefore, in the present experiments, where the boundary layer becomes
less full with increasing injection rate, the subsonic part of the boundary layer occupies
a larger fraction of the boundary-layer thickness at the higher injection rates.

Figure 17 shows the results when the upstream influence length was scaled with the
undisturbed subsonic-layer thickness at the corner position that corresponds to the
shock-impingement position in Squire & Smith’s (1980) correlation. The corner angle
was used instead of pressure ratio owing to the absence of peak pressure as found in
Squire & Smith’s experiments. However, the use of either the pressure ratio at the
final downstream position or that at the corner position would give a similar result
because, as mentioned in §3.3, these pressures are virtually independent of the injec-
tion rate at each corner angle.

Figure 17 shows no systematic variation of the non-dimensional upstream influence
length with injection rate, and the results do not collapse onto a single line as found
by Squire & Smith. The correlation was no better when the thickness of the sonic layer
at the start of the interaction was used to non-dimensionalize the results. An attempt
to improve the correlation was made by using various integral parameters, but no
success was obtained.

In an extensive study of upstream influence in zero pressure gradient Roshko &
Thomke (1976) showed that, for Mach numbers greater than 2-5, a linear relationship
existed between the upstream influence length normalized by the boundary-layer
thickness (Al/d,) at the start of the interaction and the local skin-friction coefficient
¢, at the same point. This linear relation was independent of Mach number and was

given by
Al a \¥ a\?
5= (wm) (oot (5)) @

where a is the corner angle in degrees.
The present results for all injection rates at M = 1-8 and 2-5 are plotted against c¢,
in figure 18. It can be seen that, for fixed Mach number and corner angle, the non-
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dimensionalized upstream influence length increases with increasing injection rate,
i.e. decreasing skin friction, and so is opposite to the trend suggested by (2). Spaid &
Frishett (1972) also found that Al/é decreased with increasing c¢; when the increase
in ¢y was caused by wall cooling. This confirms the suggestion of Roshko & Thomke
that their correlation only holds for flat-plate boundary layers in adiabatic conditions.

The present results for zero injection are compared directly with the Roshko &
Thomke correlation in figure 19. In general they lie above the correlation, but they do
show an increase in non-dimensional upstream influence with increase in ¢;. (It should
be noted that Roshko & Thomke use skin-friction coefficients derived from charts
based on the van Driest method II as presented by Hopkins (1972); in general these
charts give values of ¢¢ that are 0-0001 higher than those derived by Winter & Gaudet
(1970), and hence about 0-0002 higher than the measured values. For consistency the
present results are plotted against values of ¢; derived from the Hopkins charts.)
Figure 19 also includes some experimental results from Law (1974), Settles, Bogdonoff
& Vas (1976) and Roshko & Thomke (1976) for comparable values of R. As will be
seen the results of Settles et al. for M = 2-9 lie very close to the correlation curve,
whereas the results of Law at M = 2-9, which were obtained in similar experimental
conditions to the present results, lie above the correlation. Similarly the results of
Roshko & Thomke at M = 2-0 and 2-5 also lie above the correlation. Thus it would
appear that the correlation is most valid at Mach numbers above M = 3 at relatively
high Reynolds numbers.

During the course of this study, it was also found that a good correlation could be
obtained by using the pressure-rise ratio attained at the corner position. The boundary-
layer equation applied near the wall where the velocity and the flow acceleration are
small is dP  or .

=5 (®)
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Ry = 3-8x10%; %, 2-98, 1-3-8 x 10%; ¥, 2:49, 1 x 10%; O, 2-0, 1-2 x 105, (d at u/U, = 0-995.)

By applying order-of-magnitude considerations to (3) and following the analysis of
Chapman et al. (1958) by taking the wall shear stress at the beginning of the inter-
action as a measure of the shear stress, the following relation can be obtained:

P — P1 Twy
After dividing both sides by }yp, M2, this gives
Al (P
3 < (‘ﬁ:— 1)/°f1M§1’ (3)

where M, is the freestream Mach number at the start of the interaction.
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Fieure 21. Correlation of upstream influence length with corner pressure for zero injection.
Present results as in figure 20. Results of Roshko & Thomke (1976): @, @ = 13°; @, a = 19°
(M = 3-96). Results of Spaid & Frishett (1972): @, & = 12:6° (M = 2:93). (d at /U, = 0-995.)

Figure 20 shows the upstream-influence results plotted in the co-ordinate system
suggested by (5). It can be seen that a reasonably good correlation is obtained for all
Mach numbers, corner angles and injection rates investigated. The scatter and the
deviation from the linear relation implied by (5) may be due to the inclusion of
separated-flow data. Figure 21 shows only the zero-injection results. As can be seen
the results lie close to a straight line given by

%l =95 x10-3 (%— 1) / et M2,. (6)
Figures 20 and 21 indicate that the upstream influence only approaches zero as
P/ P, tends to unity, which means the corner angle is tending to zero. Thus there is
an upstream influence whenever there is a disturbance in the flow.
Also shown in figure 21 are some of the results from the experiments of Roshko &
Thomke (1976) and of Spaid & Frishett (1972). As will be seen they also fall on the
correlation. Unfortunately, results from other experiments for other Reynolds
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numbers could not be examined owing to the non-availability of corner pressure or
skin-friction data.

One drawback of the present correlation is that a corner pressure is not known in
advance. However, if the correlation shown in figures 10 or 11 were to be found for
other conditions, the corner pressure could be estimated from a corner angle. Alterna-
tively the corner pressure at high Mach numbers could be found by the integral
method recently developed by Rosen, Roshko & Pavish (1980).

4.2, Incipient separation

An important parameter for a designer is the pressure rise, or corner angle, that just
produces separation, since this condition marks the safe limit of orderly flow beyond
which unpredictable changes in the overall flow field may occur. This first appearance
of a region of reversed flow adjacent to the wall is referred to as incipient separation.
For two-dimensional flow it is defined as the condition where the wall shear stress at
one point is precisely zero, but is positive everywhere else. This definition is straight-
forward, but experimental detection of this condition is difficult. It is well known that
the results obtained depend critically on the method used to find it.

The wall shear stress can of course be measured directly by using a skin-friction
meter. The equipment, however, is costly and difficult to use, since the detection of
incipient separation involves measurements of extremely small values of skin friction
in the region of a very steep pressure gradient. Thus a number of different alternative
methods or criteria have been used to detect incipient separation.

In the present study an attempt to determine the conditions for incipient separation
was made by using the following six methods:

(1) surface oil-flow visualization;

(2) the first appearance of a ‘kink’ or triple inflection point in the surface-pressure
distributions (Kuehn 1959);

(3) a break, or inflection, in the variation of pressure at, or near, the corner when
plotted against corner angle (Roshko & Thomke 1969);

(4) the change of the flow-turning system from a single-wedge compression to a
double-wedge compression process (Spaid & Frishett 1972; Settles & Bogdonoff 1973);

(5) extrapolation of separation lengths, as determined by extrapolating the separa-
tion shock to the wall, to zero (Spaid & Frishett 1972; Appels & Richards 1975); and

(6) a break in the variation of upstream-influence length when plotted against
corner angle (Kessler, Reilly & Mockapetris 1970; Settles & Bogdonoff 1973).

In fact the last four methods did not give any clear indication of separation in the
present study, and so the discussion which follows is based on results obtained by the
inflection-point and oil-bleed methods, with some support from patterns obtained by
use of titanium oxide. A typical set of results for one Mach number (M = 2-9) is
presented in figure 22, where the results for incipient separation are plotted against
the nominal blowing parameter FP. Although this method of presentation is rather
artificial, it is useful in understanding the significance of the results and the methods
by which they were obtained. For example, with the wedge at 13° the pressure dis-
tributions at zero injection and with the lowest injection rate did not show inflection
points, whereas all the pressure distributions at higher injection rates did show
inflection points. Thus incipient separation is assumed to occur just above the lowest
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Fraure 22. Corner angles for incipient separation at M = 2-9. A, as indicated by inflection
methods;. ///, separation shown by oil-bleed method.

Fiaure 23. Variation of corner angles for incipient separation with H,. O, M = 1-8; —, 2-5;
_——— 27— ——-—, 2.9,

blowing rate as shown by the triangular point in figure 22. At the same wedge angle
the oil-bleed method showed a clear separation and reattachment at the higher
injection rates, but the separated region became smaller as the injection rate was
reduced, and eventually disappeared just below the rate corresponding to FP = 2.
As will be seen, the conditions for incipient separation as predicted by the oil-bleed
and inflection-point methods are in close agreement, and similar agreement was found
at other Mach numbers. This appears to contradict the findings of other workers who
have suggested that the inflection-point method is a less-sensitive method for detecting
separation than the oil-flow method. However, it may be that in the present experi-
ment the close spacing of the pressure holes has made the detection of the inflection
point easier. In general, the results obtained from the surface oil flow using titanium
dioxide confirmed the oil-bleed results. For example, on the wedge at 14° at M = 2-5
the surface oil flow showed clear lines of separation and attachment for injection rates
corresponding to FP = 3 and above (see figure 145), and possible signs of separation
at lower injection rates, while the oil-bleed method gave clear indications of separation
at zero injection.

The results for all the test Mach numbers as found by the oil-bleed method are
plotted in figure 23 against the value of H; at the start of the interaction in the absence
of the shock, but at the appropriate injection rate. Notice that in the figure the results
for M = 1-8 are only represented by a single point, since at this Mach number incipient
separation was only observed on the wedge at 13°, the highest angle tested. As will be
seen, the corner angles for incipient separation at all Mach numbers collapse onto a
narrow band when plotted in this way. The figure shows a significant fall in corner
angle for incipient separation with increase in H;.
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The conditions for incipient separation were also plotted against other boundary-
layer parameters, and it was found that at each Mach number the overall pressure
rise at incipient separation was directly proportional to the square root of the skin-
friction coefficient at the start of the interaction in the absence of the shock but at the
appropriate injection rate. Furthermore, it was found that the results for all the test
Mach numbers collapsed onto a single line when plotted against cf M3(M2—1)-%
(figure 24). This form of plotting was suggested by the work of Popinski & Ehrlich
(1966), who deduced this form of dependence for the conditions for incipient separation
at compression corners for upstream boundary layers growing in zero-pressure-
gradient conditions. More recent work (Elfstrom 1972) has shown that at high Rey-
nolds numbers the conditions for incipient separation are almost independent of
Reynolds number, that is they do not vary directly with c}. Thus the present results
should not be taken as confirming the earlier analysis of Popinski & Ehrlich, but
rather that, at a particular Reynolds number, the effect of the state of the upstream
boundary layer on incipient separation is proportional to the square root of the skin-
friction coefficient.

5. Conclusions

The present tests show that by using injection through a porous surface upstream
of a compression corner it is possible to produce a wide range of boundary-layer pro-
files ahead of the shock interaction at the corner. The static pressure distributions and
the surface oil-flow patterns indicate that the two-dimensionality of the flow is
satisfactory.

The main features of the results are (i) the large increase in the scale of the inter-
action, and in particular the upstream-influence length, with decreasing fullness of
the upstream velocity profile, and (ii} the apparent independence of the pressure at
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the corner with the shape of the approaching boundary layer. In general the present
results with zero injection are in agreement with results from other sources.

The results also show that the corner angle for incipient separation falls as the
profile of the approaching boundary layer becomes less full, and that, within the
range of conditions for the present tests, the overall pressure rise for incipient separa-
tion is directly proportional to the square root of the skin-friction coefficient of the
undisturbed boundary layer.
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