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Separated Shock–Boundary-Layer Interaction
Control Using Streamwise Slots
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Cambridge University, Cambridge, England, U.K.

Experiments have been performed to assess the potential of discretely placed arrays of streamwise slots to control
a separated normal shock wave–turbulent boundary-layer interaction. The supersonic blowdown wind tunnel was
operated at a Mach number of 1.5 and a freestream Reynolds number of 26 ×× 106 m−1. At M = 1.5 slot control
bifurcated the shock to give a λ shock structure that was significantly larger than that seen without control. The
effect on the shock was fairly two-dimensional and persisted in the region between control devices, showing that
three-dimensional control devices can have a global effect on the shock structure. In addition, slot control altered the
nature of the separated boundary layer from a two-dimensional separation bubble to give highly three-dimensional
regions of attached and separated flow. There is evidence that slot control also introduced streamwise vortices,
which may help delay or prevent downstream separation.

Nomenclature
M = Mach number
P = pressure
R = reattachment
S = separation
X = streamwise coordinate, mm
Y = vertical coordinate, mm
Z = spanwise coordinate, mm
β = shock angle
δ = boundary-layer thickness
λ = lambda shock structure

Subscripts

s = shock
0 = total conditions
1 = upstream of shock
2 = downstream of main shock
∞ = freestream

Introduction

N ORMAL shock wave–boundary-layer interactions (SBLIs) oc-
cur in a wide variety of high-speed flow applications, for ex-

ample, jet engine air intakes with mixed supersonic compression
(Fig. 1). Here the flow is decelerated through a series of oblique
shocks and a terminating normal shock. Each interaction between a
shock wave and the boundary layer increases total pressure losses,
reducing engine efficiency. The interactions also cause inlet distor-
tion and in extreme cases can lead to engine unstart. In practice these
detrimental effects are avoided using boundary-layer bleed. How-
ever, this causes bleed drag penalties and may even strengthen the
shock, thus increasing stagnation pressure losses. Methods of con-
trolling and weakening the SBLI and its detrimental effects would
be beneficial for engine performance.

A variety of SBLI control methods have been studied in connec-
tion with flows over transonic wings. The control methods tend to
fall into two main categories. The first concentrates on weakening
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the shock by splitting it to give a bifurcated λ shock structure, which
reduces the total pressure losses behind the shock system. Examples
of this method include passive devices1−5 and two-dimensional sur-
face bumps.6,7 The second method aims to energize the boundary
layer, making it less susceptible to the detrimental effect of the shock
wave. Examples of this method include blowing5 and suction8,9 and
the use of vortex generators.10,11 A recent investigation found that
arrays of streamwise slots can have beneficial effects when placed
underneath an SBLI.12 A detailed study of slot control at Ms = 1.3
found that these act in a similar manner to passive control, causing a
bifurcated λ shock structure. This bifurcation persisted in the region
between control devices.13 Such a finding is advantageous because it
shows that discrete three-dimensional devices can give global shock
control. Moreover, the viscous losses were limited to narrow regions
behind the devices and there was also evidence of vortical flow in
these areas. The main features of the flow structure are summarized
in Fig. 2.14 More recently, other arrays of three-dimensional control
devices such as grooves and sub-boundary-layer three-dimensional
bumps have been investigated. These were found to have effects on
the shock similar to slot control, with viscous losses again confined
to narrow regions behind the devices.15,16

SBLIs in engine intakes tend to occur at higher Mach numbers
than those seen on transonic aerofoils. In addition, the SBLI is sep-
arated, a change in flow physics that might affect the behavior and
physical mechanism of the control devices. It was therefore decided
to investigate shock control using three-dimensional devices at the
higher Mach number of Ms = 1.5. Because the slot control case is
the best understood of the three-dimensional devices investigated at
Ms = 1.3 so far, it was decided to concentrate on this device at the
higher Mach number. Some information from basic experiments us-
ing a two-dimensional bump is also shown to illustrate flow behavior.

Experimental Arrangement
The experimental investigation was performed in a blowdown su-

personic wind tunnel at the University of Cambridge. The upstream
throat consists of a shaped liner, which gives uniform parallel flow
with a nominal Mach number of 1.5 ahead of the shock. There was
an adjustable aerofoil in the second throat. The stagnation pressure
and temperature are 1.8 × 105 Pa and 295 K, respectively. The tunnel
arrangement and control region are shown in Fig. 3a. The working
section is 114 mm wide, 172 mm long, and 178 mm tall. Manual ad-
justment of the freestream stagnation pressure and the second throat
allows a recovery shock to be held at a given location in the parallel
section of the working section, giving run times of approximately
45 s. Three shock positions were investigated, approximately one-
third, one-half, and two-thirds of the way along the control devices.
This paper concentrates on the middle shock location, X = 0 mm
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Fig. 1 SBLI in a supersonic engine intake.

Fig. 2 Structure of a shock–boundary-layer interaction controlled by
streamwise slots, Ms = 1.3.14

(see Fig. 3b for the coordinate system used). The experiments made
use of the interaction between the shock wave and the naturally
grown turbulent boundary layer on the tunnel floor. The incoming
boundary-layer thickness is about 6 mm and the Reynolds number
based on boundary-layer displacement thickness is 26,000.

Two types of control device were investigated, an array of stream-
wise slots and a sub-boundary-layer two-dimensional bump (see
Figs. 3c and 3d). Both types of device were 100 mm long and started
at the same streamwise position, X = −50 mm. The slot control de-
vice consisted of an array of three 4-mm-wide slots over a 38-mm-
deep cavity. The middle slot was centered on Z = 0 mm and the
spacing between slot centerlines was 44 mm. The two-dimensional
bump had a 5-deg deflection angle and spanned the tunnel, except
for a 5-mm gap at either side to allow for the sidewall boundary lay-
ers. The maximum height of the two-dimensional bump is 5.25 mm,
compared to an upstream uncontrolled boundary-layer thickness of
6 mm. The plateau on the top of the bump started at X = 10 mm and
was 15 mm long.

Surface pressure measurements were made using Druck PDCR-
200 miniature pressure transducers connected to pressure tappings.
Figure 3b shows the location of these. The shock is located in the
center of the working section at X = 0 mm. Boundary-layer traverses
were performed upstream and downstream of the interaction using
a flat-headed pitot probe (dimensions 1.61 × 0.131 mm) connected
to a pressure transducer. Total pressure traverses were made down-
stream of the interaction at X = 90 mm using a round-headed pitot
probe (external diameter 1.1 mm, internal diameter 0.5 mm). Sur-
face oilflow visualization was performed using a paraffin, titanium
dioxide, and oleic acid mixture.

Experimental Accuracy
The experimental error in the surface static and pitot pressures

measured using the transducers is of the order of ±1%. The traverse
gear used to measure boundary-layer profiles had an accuracy better
than 0.1 mm (0.5% of the boundary-layer thickness). A degree of
unsteadiness was observed in the shock wave, resulting in an error
in streamwise location of the order of 3 mm, which is typically 3%
of the control device.

Results
Uncontrolled Interaction, Ms = 1.5

At Ms = 1.5 the schlieren picture (Fig. 4) indicates that the flow
has separated; there is a small λ structure where the shock foot in-
teracts with the boundary layer. Slight imperfections in the tunnel

a) Wind-tunnel arrangement

b) Coordinate system

c) Cross section of slot

d) Two-dimensional bump

Fig. 3 Experimental arrangement.

wall cause a spurious wave to emanate from upstream of the in-
teraction. There is also a number of weak waves emanating from
pressure tapping points on the surface. Neither has a significant ef-
fect on the flow before the SBLI, as can be seen from the nearly
constant value of the wall pressure measurements before the shock
(Fig. 5). The wall pressure measurements for the uncontrolled case
do not exhibit a plateau at the location of the λ shock, because the
length of the separated region is still quite short. The surface oilflow
visualization shows a distinct separation line (unfortunately slightly
smeared during tunnel shutdown) and a region where reattachment
probably occurs (Fig. 6a). The location of the separation line agrees
well with the start of the λ structure seen in the schlieren picture; the
reattachment region occurs slightly after the rear leg. The separation
line is approximately normal to the freestream direction and fairly
two-dimensional in the center of the tunnel, but there is curvature at
the edges due to the interaction with the sidewall boundary layers.
The separations at the tunnel sidewalls occupy approximately 8%
of the tunnel span at the shock position.

The flow structure is in agreement with the separated SBLI struc-
ture defined by Seddon,17 with a slip line separating the higher ve-
locity flow that has passed through the bifurcated interaction from
the lower velocity flow that has passed through the main shock.
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Fig. 4 Schlieren picture and total pressure traverses at X = 90 mm, uncontrolled SBLI.

a) Streamwise slots

b) Two-dimensional bump

Fig. 5 Wall pressure measurements.

As expected the flow downstream of the λ shock structure has re-
duced total pressure losses compared to the flow behind the normal
shock (Fig. 4). The triple point is about 28 mm above the tunnel
floor, as measured from the schlieren picture, and between 26 and
28 mm as measured from the total pressure traverses. It can be
seen from the similarity of the total pressure traverses at Z = 0,
8, and 17 mm that the shock structure and the boundary layer are
fairly two-dimensional. The boundary layer upstream of the shock
is about 6 mm thick and the velocity profile is fairly full (Fig. 7a).
After the shock the boundary layer has almost doubled in thickness
to about 13 mm and is much less full (Fig. 7a). With increasing
streamwise position from the shock the velocity profile gradually
becomes fuller, though at X = 90 mm it has still not recovered fully.
Velocity profiles taken across the span of the tunnel at X = 90 mm
show that there is slight spanwise variation in the flow, although the
similarity of the profiles at Z = ±22 mm suggests that the boundary
layer is fairly symmetrical about the tunnel centerline (Fig. 7b). The
three-dimensionality could be due to the large separations at the
tunnel sidewalls seen in the surface oilflow visualization (Fig. 6a).
However, in general the variation in the boundary-layer profiles is
slight, and the boundary layer appears to be quasi-two-dimensional.

Slot Control, Ms = 1.5
Shock Structure

As can be seen from the schlieren picture, the slot control devices
split the shock to give a bifurcated λ shock structure that is signif-

a) No control

b) Slot control

Fig. 6 Surface oilflow visualization; both images show the full span-
wise width of the working section.

icantly larger than that observed without control (Fig. 8). The wall
pressure measurements reflect this result; there is an initial pressure
rise associated with the leading shock, a distinct plateau, and then
a second pressure rise associated with the rear shock leg (Fig. 5a).
The slots work by a method termed passive shock control5 whereby
flow recirculates from the high-pressure region downstream of the
shock to the low-pressure region ahead of it and generates a vis-
cous bubble. The bubble deflects the outer flow in a manner similar
to a two-dimensional surface bump. Comparing the schlieren im-
ages and wall pressure measurements for slot control with those
for a two-dimensional bump clearly demonstrates this (Figs. 5, 8,
and 9). “Passive” control methods are so called because they are self-
actuated and do not require a pump or moving device to make them
work. In the case of passive shock control the process is “driven”
by the pressure difference across the shock. For this reason passive
shock control only works when the shock is located over the porous
cavity; when the shock is elsewhere the control effect is “switched
off” and the shock is no longer bifurcated.

There are significant differences in the nature of the shock struc-
ture produced by the slots and the two-dimensional bump. The
leading leg of the shock generated by the two-dimensional bump
is sharp, with little blurring in the schlieren picture, indicating that
the shock is fairly two-dimensional across the tunnel span. The wall
pressure measurements confirm this result, showing little variation
in the leading shock with spanwise position (Fig. 5b). This result
is to be expected given that the bump is a two-dimensional de-
vice. By contrast, the shock leading leg is blurred in the schlieren
picture of the slot control case (Fig. 8). The blurring is explained
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by examining the wall pressure measurements, where it can be seen
that the initial pressure rise moves slightly downstream with increas-
ing spanwise distance from the slot (Fig. 5a). This result indicates
that the shock structure is relaxing back toward the uncontrolled
case in the region between control devices. However, the surface
pressure map shows that this change is very gradual and that the
shock structure generated by the slots is mainly two-dimensional
(Fig. 10).

Boundary-Layer Behaviour over Devices

The disparity in the performance of the two control devices can,
to a large extent, be explained by the different effects they have on
the boundary layer. The boundary layer “rises up” over the two-
dimensional bump so the outer flow sees the boundary-layer edge
as a corner, which it negotiates by turning through an oblique shock.
The shock angle β for the two-dimensional bump is 48 deg, implying
a flow deflection of 5 deg. This is confirmed by the wall pressure
measurements, which rise to the theoretical value for an oblique
shock generated by a 5-deg deflection angle (Fig. 5b). This result is
not unexpected, given that the ramp angle for the two-dimensional
bump is 5 deg, but does indicate that there is little boundary-layer
attenuation. In the slot control case β varied from 47 to 50 deg,
which suggests that the flow deflection angle experienced by the
outer flow lies between about 4.3 and 6.4 deg. This is further ev-

a) Streamwise, Z = 0 mm

b) Spanwise, X = 90 mm

Fig. 7 Boundary-layer velocity profiles, uncontrolled SBLI.

Fig. 8 Schlieren picture and total pressure traverses at X = 90 mm, slot controlled SBLI.

idence that the slots create a degree of three-dimensionality in the
shock structure (and in the boundary layer). It also shows that the
“passive” effect is capable of generating large flow deflection ef-
fects. Another interesting feature of the shock structure generated
by the slots is the slight reexpansion after the initial shock seen in the
wall pressure measurements closest to the slot at Z = 4 mm. Based
on other studies of passive control using arrays of grooves,14,15,18

which have shown similar, though much stronger, reexpansions, it
can be conjectured that this reexpansion is due to a localized region
where the blowing is initially strong before reducing in severity in
the downstream direction. The effect of this is to cause the bound-
ary layer to thicken and then relax, creating a concave boundary-
layer edge, which generates a reexpansion. However, this appears
to be a very limited effect, as the reexpansion is not seen at greater
spanwise distances from the slot. This result does suggest that in
the very localized region over the slot, where wall pressure mea-
surements were not possible, more pronounced regions of three-
dimensionality may exist with higher peak pressures and a stronger
reexpansion.

Shock “Pinning”
Both control cases generate weak secondary shocks after the main

λ structure, indicating that the downstream flow is only just sub-
sonic and easily reaccelerated to supersonic values by boundary-
layer growth. A further interesting feature of both control devices
is that once the main shock is in the control region, the leading leg

Fig. 9 Schlieren picture, two-dimensional bump.

Fig. 10 Surface pressure map, slot controlled SBLI.



170 HOLDEN AND BABINSKY

of the λ structure is fixed to the start of the control device no mat-
ter the position of the main shock. In the case of slot control this
means that provided the main shock is not too close to the tail of
the slot (which would prevent downstream flow from recirculating
into the cavity) the control device is always switched on, with the
size of the λ structure increasing as the shock moves downstream.
This shock pinning could be useful for controlling unsteady shocks.
While the shock leading leg is also pinned to the start of the two-
dimensional bump it can be seen that there are reexpansions over
the corners at X = 10 and 25 mm, near the rear shock leg. There also
appears to be boundary-layer separation downstream of the second
of these corners. These flow features are obviously undesirable and
would be detrimental to the two-dimensional bump’s performance
and show that in its present form the two-dimensional bump is only
effective when the rear leg of the shock is on the ramp section of
the device (before X = 10 mm). Note that the separation also made
it difficult to hold the shock steady over the two-dimensional bump,
which affected the wall pressure measurements over the rear half
of the device. (For this reason an average wall pressure measure-
ment is plotted in Fig. 5b). The shock unsteadiness did not signifi-
cantly affect the wall pressure measurements over the front half of
the device due to the shock pinning previously mentioned. If the
two-dimensional bump were to be developed further it would be
designed to avoid separation and the reexpansions. However, in its
present form the two-dimensional bump has been useful to illustrate
the flow physics of shock control.

Downstream Development of the Boundary Layer
A further indication of the three-dimensionality caused by the

slot control case is the effect on the boundary layer downstream of
the interaction. It can be seen, from examining the schlieren pic-
ture and total pressure traverses, that there are localized regions of
boundary-layer thickening close to the slot (Fig. 8). This is more
obvious in the boundary-layer velocity profiles (Fig. 11a). Close to
the control device the boundary layer is thicker and much less full.
As the flow develops downstream of the interaction the boundary
layer farther from the control devices becomes thicker (see Fig. 8).
In contrast, closer to the control device the boundary layer thick-
ens only slightly and the velocity profile becomes fuller (Fig. 11b).

a) Spanwise, X = 50 mm

b) Streamwise, Z = 0 mm

Fig. 11 Boundary-layer velocity profiles, slot controlled SBLI.

Fig. 12 Total pressure maps, X = 90 mm.

These results suggest that there is flow moving in the spanwise di-
rection. Further evidence of sideways motion is seen in the surface
oilflow visualization (Fig. 6b) where there is distinct flow turning
downstream of the slots. This closely resembles the surface oilflow
visualization observed for slot control at Mach 1.3; at this Mach
number crossflow velocity profiles were obtained from three hole
probe traverses.15 It was found that flow moved away from the slot
in the inner regions of the boundary layer and toward the slot in the
outer regions of the boundary layer. There were no spanwise velocity
components at Z = 0 or 22 mm, indicating that these are planes of
symmetry. A computational study of groove control (which closely
resembles slot control) at Mach 1.3 produced simulated surface oil-
flow visualization that closely resembled experimental results and
showed that the flow turning was due to the presence of streamwise
vortices.18 Comparing the results from these earlier investigations
at Mach 1.3, it could be deduced that at Mach 1.5 the slots be-
have in a similar manner and are introducing streamwise vortices
downstream of the interaction. Such a feature could be desirable in
delaying or preventing separation farther downstream. The surface
oilflow visualization also shows distinct three-dimensional separa-
tions around the slots. In between the control regions flow retardation
is evident (indicated by the thick white oilflow deposits in this re-
gion) but there is no separation. The control has effectively changed
the shape of the separation region from an almost uniform span-
wise bubble into highly three-dimensional regions of attached and
separated flow.

Total Pressure Losses
The total pressure maps (taken downstream of the interaction at

X = 90 mm) show that the streamwise slots increase the region of
reduced total pressure losses compared to the uncontrolled case;
however, the slots also increase the viscous losses by thickening
the boundary layer (Fig. 12). This thickening is confined to fairly
narrow regions behind the devices, but these regions do spread in
the spanwise direction with increasing streamwise distance from the
slots. However, the surface pressure plots show that the shock only
relaxes gradually between the devices. Optimization of the slots
should therefore concentrate on increasing their spanwise spacing
to reduce the viscous losses while retaining the reduction in total
pressure losses. In addition the slots could be made longer so that
the λ shock structure can be made larger. Unfortunately it is not
possible to increase the slot spacing at the University of Cambridge
due to tunnel-width constraints. Holding the shock farther down-
stream over the slots would improve the reduction in total pressure
losses further. (The bifurcated λ shock structure would be larger,
because the shock leading leg is pinned to the start of the device.)
An alternative method of reducing the viscous losses might be to
use bleed downstream of the slots. This could be done in confined
regions directly behind the slots, reducing the bleed drag penalties,
and might have the added advantage of further strengthening the
streamwise vortices.

Conclusions
Three-dimensional control devices have been shown to give a bi-

furcated λ shock structure, which extends beyond the control device.
This indicates that, correctly spaced, arrays of three-dimensional
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devices could have a global control effect and lead to reduced stag-
nation pressure loss. Slot control is currently the most effective
and best understood control method. Comparison with slot control
at M = 1.3 suggests that moving to a higher shock Mach num-
ber with separated flow does not appear to alter the fundamen-
tal mechanics of the slot control device.13−15 However, slot con-
trol appears to have totally altered the flow structure, changing a
two-dimensional separation bubble into highly three-dimensional
regions of attached and separated flow. The slots also introduce
streamwise vortices downstream of the SBLI, which might be ben-
eficial for delaying or preventing downstream separation. In ad-
dition it is found that the leading leg of the λ shock structure is
pinned to the start of the control device, which might be of benefit
for controlling unsteady shocks. The devices require further op-
timization to improve their performance, including increasing the
spanwise spacing and holding the shock farther downstream over
the device.
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