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Oblique shock control with steady flexible panels

Nicolas Gomez-Vega∗, Michela Gramola†, and Paul J. K. Bruce‡

Department of Aeronautics, Imperial College London, SW7 2AZ, United Kingdom

Flexible panels deforming under pressure loads have been suggested as a passive form of

adaptive oblique shock control. This study investigates oblique shock–boundary layer interac-

tions on a steady flexible panel in aMach 2.0 flow. Experiments were performed in the Imperial

College supersonic wind tunnel, where shock generators were used to produce an oblique shock

followed by a corner expansion. A parametric study was conducted, exploring different shock

impingement positions and shock–expansion distances. The steady aero-structural response

is studied using schlieren photography, static pressure distributions, photogrammetry mea-

surements, and surface oil flow visualisation. Two-dimensional numerical simulations were

performed to assess the effects of the flexible panel on downstream total pressure recovery.

These were validated against experimental wall pressure distributions andmeasurements from

a Pitot rake. Results show reductions in both separation length (of up to 40%) and stagnation

pressure losses (of up to 10%) if the flexible plate is used. These improvements occur for

a range of shock positions spanning approximately 50% of the panel length and for all the

shock–expansion distances considered. A model that captures the flow physics responsible for

these trends is proposed. The results highlight the potential of flexible panels for practical

oblique shock control.

Nomenclature

a = plate length, mm

A = tunnel aspect ratio

cf = skin-friction coefficient

l = mesh target surface size, mm

Lint = interaction length, mm

Lsep = separation length, mm

Pa = atmospheric pressure, Pa

Pc = cavity pressure, Pa
∗Graduate, Department of Aeronautics, Imperial College London
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Pp = Pitot pressure, Pa

P0 = stagnation pressure, Pa

P0,s = settling chamber stagnation pressure, Pa

tSG = shock generator thickness, mm

u = flow velocity, m s−1

w = plate deflection, mm

xe = impingement point of the expansion’s head, mm

xr = re-attachment point, mm

xs = separation point, mm

xSG = shock generator streamwise location, mm

x1 = inviscid shock impingement point, mm

y+ = dimensionless wall distance

δ = boundary layer thickness, mm

θ = flow deflection, deg

ρ = density, kgm−3

I. Introduction

The main function of a supersonic engine inlet is to decelerate the flow to subsonic conditions in the most efficient

way possible, without great losses in stagnation pressure. A common strategy for this involves the generation

of oblique shock structures, reflecting off the internal surfaces of the inlet. As these shocks meet the boundary

layers growing along the surfaces, shock–boundary layer interactions (SBLIs) develop. These often cause undesirable

separation and unsteadiness, leading to stagnation pressure losses and lower efficiency. Therefore, it is not surprising

that oblique SBLIs have become a target for flow control [1–6].

A promising method for SBLI control are shock control bumps, which are contoured protrusions on aerodynamic

surfaces. These have been investigated for applications ranging from transonic wings [7–9] to engine inlets [3, 10].

The potential of shock control bumps for normal shock control has been widely demonstrated despite their sensitivity

to shock position and changes in flow conditions [11]. If the normal shock impinges away from its design position,

additional shock and expansion structures develop, leading to worsened performance [12].

Aircraft and engine components are made of relatively flexible materials, which may deform under pressure loads.

The interplay between surface deformations and the SBLI properties, an example of fluid–structure interaction, has

become a subject of recent research interest in the context of adaptive shock control. Some groups have investigated

dynamic shock control via vibrating surfaces [4, 13], while others have focused on static control with steady contoured
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surfaces [6, 14, 15]. In this sense, steady flexible panels have been suggested as a simple form of passive oblique shock

control, in a manner analogous to shock control bumps for transonic applications [6]. Previous studies on oblique SBLIs

on flexible surfaces have highlighted potential reductions in the size of the separation region with increasing surface

curvature [4, 6], a first step towards flow control.

For flexible panels to realize their potential as a practical means of oblique shock control in engine inlets, they must

provide reduced total pressure losses. Some numerical investigations [5, 16] have suggested that contoured surfaces

can lead to improved downstream stagnation pressure. No experimental confirmation of this currently exists, due to

the technical challenges in measuring accurate stagnation pressure profiles in supersonic flows, particularly within the

boundary layer. Nevertheless, the wall pressure distributions in Tan et al. [6] show that, for some shock positions, flexible

panels can lead to more efficient flow compression upstream of the impinging oblique shock, potentially weakening the

interaction and reducing losses.

Oblique SBLIs are also common in aircraft component–component interactions. For example, a supersonic aircraft

with externally-mounted stores (such as fuel tanks or missiles) would experience an oblique shock impinging on the

fuselage. In these cases, the incident shock is often followed by an expansion, which counters many of the effects of

the SBLI by imposing a favourable pressure gradient. A simple way to produce an oblique shock in a wind tunnel is

with a wedge-shaped plate, often referred to as a “shock generator". By necessity, these devices also introduce an

expansion fan, as they must return the flow parallel to the freestream some distance downstream of the compression.

Studies on oblique SBLIs often try to decouple these effects, either by increasing the SBLI–expansion distance [17] or

by modifying the shock generator geometry [18]. The study of how this expansion affects flow properties is of interest,

since component–component interactions in real aircraft usually produce similar shock–expansion structures. Studies

on flat surfaces [17, 19] have found reductions in the separation length as the expansion is brought closer to the SBLI.

Nevertheless, this interplay has not been explored on flexible surfaces thus far.

In this context, this study investigates the suitability of using steady flexible surfaces deforming under pressure loads

for static oblique shock control. Experiments are conducted at Mach 2.0 in the Imperial College supersonic wind tunnel

on a thin aluminium plate, using shock generators with 10◦ wedge angles. By varying the shock generator thickness, the

effect of changing the distance between the shock and the expansion impingement points is studied. Particular focus is

given to small SBLI–expansion distances, typical of those in aircraft component interactions. Similarly, the effects

of changing the streamwise shock impingement point, at constant SBLI–expansion distance, are also explored. The

experimental setup is described in Sec. II, while the results are presented and discussed in Sec. IV.

The experimental setup did not allow the reconstruction of the downstream total pressure profile. In order to

overcome this, all experimental test cases have been replicated in two-dimensional Reynolds-averaged Navier Stokes

(RANS) simulations in order to obtain downstream total pressure profiles. In these, the experimental wall profiles

measured using photogrammetry are imposed as solid boundaries. Further details regarding the models and assumptions

3
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in the numerical simulations are examined in Sec. III. Finally, the numerical results are validated and discussed in

Sec. IV.E.

II. Experimental Methods
Experiments were performed in the Imperial College London (ICL) supersonic wind tunnel, a blow-down facility

supplied with dry air from tanks pressurized to 2.7 MPa. The tanks provide sufficient compressed air for run-times

of approximately 40 s, followed by a recharging time of several hours. Flow conditions at the settling chamber are

controlled by a pneumatic valve that regulates stagnation pressure using a PID controller. For the present investigation,

the tunnel was fitted with a Mach 2.0 supersonic nozzle. The flow conditions in the wind tunnel were characterized by

Threadgill & Bruce [20], who reported an incoming boundary layer thickness δ = 5.87mm just upstream of the region

of interest in this study.

The flexible plate was installed in the test section of the tunnel, which has a square cross-section and dimensions

727mm long × 150mm wide × 150mm tall. A schematic diagram of the test section, along with the fitted equipment

and the coordinate system, is shown in Fig. 1.

26 150 52.540
x

150

xSG

x1

Shock generator
M∞ = 2 

xe

65.5

75

Pitot rake

Fig. 1 Wind tunnel nozzle and test section, labeled with the relevant geometric parameters. Dimensions in
mm.

Oblique shocks in the test section were produced using shock generators, which are wedge-shaped plates as shown in

Fig. 1. As the flow turns around the convex corner on the underside of the shock generator, an expansion develops. All

the shock generators in this study had a spanwise width of 148mm and a wedge angle of θ = 10◦. The shock generators

were attached to the top of the tunnel by two actuated mounts. The points x1 and xe in Fig. 1 respectively correspond to

the inviscid shock and expansion impingement points on an undeformed flat plate.

The flexible plate assembly is made of the aluminum alloy Al 7075-T6 and has the same basic design as those

described in Jinks et al. [21] and Tan et al. [6]. The plate was designed against flutter using the criterion in Dowell [22].

It contains a thin panel of length a = 150mm, width 149mm, and thickness h = 0.6mm. The two longitudinal ends of

the flexible plate are clamped to supports, while the two sides are free. A 0.5mm gap exists between either side of

the plate and the wind tunnel’s walls. Each support was bolted to the wind tunnel floor at four points. Further details
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regarding the plate design and mounting may be found in the Supplemental Materials. The flexible portion of the

plate contains a total of 15 pressure tappings placed along the centerline, with the upstream support containing two

additional tappings. Following the setup in Tan et al. [6], three aluminum spacers, each of thickness 0.4mm, were

slotted underneath the plate assembly to constrain end displacements.

Underneath the flexible panel, there sits a small chamber, known as the “cavity”, sealed at all points except for the

two sides of the plate and for the hole drilled for the Pitot rake tubes, which is itself partially blocked by these tubes.

Since the mean flow is not isolated from the cavity, there is some leakage of air from the cavity into the flow. The

difference between the pressures in the cavity (referred to as “cavity pressure”, Pc) and in the flow is what drives plate

deformations.

The plate assembly is fitted with a vertical Pitot rake positioned downstream of the flexible portion as shown in

Fig. 1. The rake has a total of 15 Pitot probes for a total height of 75mm, although only the 11 lowest ones were sampled.

The probes are 5mm apart, with the first one placed 3mm above the surface. Since the bulk flow downstream of the

plate is still supersonic, the pressure measured by these probes (“Pitot pressure”, Pp), is not the same as the stagnation

pressure. The Pitot rake did not contain static pressure tappings, and therefore, the experimental stagnation pressure

could not be calculated. Due to this, numerical simulations were used to estimate the downstream total pressure, and

their calculated Pitot pressures were compared to the experimental ones for verification. Pressure measurements were

taken using a Netscanner pressure transducer, sampling at 100Hz. Pressure data was sampled for a period of 5 s for

each test case once the settling chamber pressure had reached the steady-state. Moreover, the standard deviation was

recorded for each measurement, and this was used as a measure of experimental errors.

Schlieren photography was employed to observe the flow structure above the flexible panel. A Z-type configuration

was used, in which light from a Thorlabs MCWHL5 LED point source with a Thorlabs LEDD1B driver was reflected

on two 200mm diameter concave mirrors with a focal length of 1200mm. The light was focused on an aperture with a

vertical knife-edge, blocking the right-half of the light. Schlieren images were recorded with a Phantom v641 high-speed

camera.

Point-tracking photogrammetry was used to reconstruct the 3D bump profile. Following the work of Gramola et

al. [23], eighty 12-bit coded targets, each of thickness 20 µm, were attached to the surface of the plate. The motion of

these targets was recorded using four synchronized Phantom Miro 310 cameras, placed at different angles around the

viewing panels of the working section. All the cameras had a resolution of 1280 × 800 pixels and recorded at the same

frequency as the pressure transducers (100Hz). Further details regarding the setup, calibration and post-processing may

be found in Gramola et al. [23]. For every run, a photograph was extracted from each of the four cameras once the plate

deformations were steady. These images were subsequently processed using the commercial software PhotoModeler

Motion [24], allowing the reconstruction of the 3D bump profile.

The separation region was observed using surface oil flow visualisation. For these experiments, the photogrammetry
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targets were removed. An oil mixture was injected onto the surface of the tunnel floor through two holes in the plate

assembly, which are 60mm apart and 8mm downstream of the front of the panel. The oil was a mixture of oleic acid,

titanium dioxide and kerosene, in the following proportions: for every 17 g of kerosene, 10 g of titanium dioxide and

11 drops of oleic acid. Oil motion was filmed through the sidewall viewing panels using one of the photogrammetry

cameras. Since oil flow images were taken at an angle, a dewarping process was necessary to correct for the effects

of perspective and plate deformations. For this purpose, the geometric method in Stamatopoulos et al. [25] was

implemented, consisting in mapping pixels on a curved surface to a 2D rectangular area. Once the dewarped images

were obtained, these were used to produce streakline schematic diagrams.

A parametric study was performed by testing several shock and expansion impingement points. A parameter

affecting the SBLI–expansion distance is the tunnel aspect ratioA, which is defined here as the effective width-to-height

ratio of the wind tunnel test section, with the height being measured from the wind tunnel floor to the tip of the shock

generator. Alternative definitions exist; for example, some authors [26, 27] define an unrelated “viscous aspect ratio”. A

high aspect ratio, with a shock generator close to the floor, would provide larger SBLI–expansion distances; however, it

would also interfere with the photogrammetry equipment, covering the targets, and could cause tunnel unstart. In order

to prevent this, experiments were conducted at a constant aspect ratio ofA = 1.25. This choice provides an adequate

maximum SBLI–expansion distance (17 mm) whilst ensuring that the photogrammetry targets are not covered. Because

of this choice, the SBLI–expansion distance was varied using shock generators of different thicknesses.

A total of 21 test cases were examined using three different shock generators thicknesses (tSG = 11.3mm, 9.5mm

and 8.0mm) with a constant wedge angle θ = 10◦. The shock generator streamwise location was varied between tests to

obtain seven streamwise shock positions, in the range 0.27 ≤ x1/a ≤ 1.01, for each shock generator thickness. The

different shock generator thicknesses provide three different SBLI–expansion distances xe − x1 (following the notation

in Fig. 1) to be tested: 17, 8 and 1mm. It should be noted that, in calculating these distances, it was assumed that the

expansion crosses the reflected shock unhindered as suggested by Grossman & Bruce [17]. Similarly, the effects of plate

deformations, which are not known in advance, on x1 and xe were also ignored. All test cases were conducted with a

settling chamber pressure ratio P0,s/Pa = 1.80, which was expected to provide fully supersonic flow in the test section.

Moreover, six additional test cases were conducted with the oil flow visualisation setup. These explore the impact of

shock streamwise position and shock generator thickness on flow separation.

III. Numerical Simulations
A numerical investigation was conducted using the commercial Computational Fluid Dynamics (CFD) software

Star-CCM+ [28] in order to quantify the effects of the flexible plate on downstream total pressure recovery. Fully-

turbulent, steady simulations were performed in a two-dimensional domain to reduce the computational costs. In these,

the RANS equations were solved via the finite volume method using a coupled flow model, which solves the mass and
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momentum equations simultaneously. Air was assumed to behave as a calorically perfect gas, with a viscosity governed

by Sutherland’s law.

A turbulence model was used to close the RANS equations. Popular choices for numerical simulations of flows with

shock–boundary layer interactions include the one-equation Spalart-Allmaras model [15, 29], and the two-equation

Menter’s shear-stress transport (SST) k-ω model [3–5]. Among these, the Menter SST k-ω model was selected due to

its superior performance in flows with strong adverse pressure gradients and separation [4, 30].

The main boundary conditions in the simulations are the inlet conditions (pressure and temperature) and velocity

profile, and the outlet pressure. The inlet velocity profile was calculated with a one-seventh power law, given by

Eq. (20.6) in Schlichting [31], using the boundary layer parameters measured by Threadgill & Bruce [20] for the ICL

supersonic wind tunnel. This provides an incompressible shape factor H = 1.286, which matches the value reported by

Threadgill & Bruce [20], H = 1.28. Both the inlet and outlet static pressures are set constant and equal to P∞ = 23.3 kPa,

which is the static pressure corresponding to an M∞ = 2 flow with P0 = 1.8 atm.

The computational domain is shown in Fig. 2. All walls are assumed to be adiabatic, and the bump profiles for each

simulation are obtained from photogrammetry measurements.

1
2
0

110 150 50

110+ xSG

tSG

10º

In
le

t

Slip wall
No-slip wall

O
u
tle

t Prism layer 
cells

6

Polygonal 
cells

Fig. 2 Computational domain, labeled with dimensions and boundary conditions. Dimensions in mm.

Due to the curvature of the flexible plate, a polygonal mesher was selected. In addition, a prism layer mesh, with

quadrilateral cells of high aspect ratio, was used along the bottom boundary to better capture the boundary layer profile.

The near-wall cell thickness was selected so that y+ ≈ 1. To ensure an adequate resolution of the boundary layer, a total

of 150 prism cells were used in the wall-normal direction for a total prism layer thickness of 6mm, which is slightly

larger than the initial boundary layer height, δ = 5.8mm.

A mesh refinement study was conducted in order to determine the target surface size of the polygonal cells l, which

is the reference edge length that the mesher aims to achieve. The study was conducted on a computational domain

similar to the one in Fig. 2, but with a flat bottom boundary. Fig. 3 shows the skin-friction coefficient distributions

predicted by each of the different meshes. Some differences in the skin friction distributions can be seen as the mesh is
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refined from l = 2mm to l = 0.3mm; whereas further refining with cell sizes smaller than l = 0.3mm only result in

marginal changes, indicating convergence. Based on the plots in Fig. 3, the l = 0.2mm mesh has been selected, as this

provides an adequate prediction of the converged skin-friction distribution at a lower cost than the most refined mesh.

This choice of cell size results in meshes of the order of 1 million cells; however, the exact number of cells varies as the

shock generator position is changed. A sample mesh is shown in Fig. 2, where a coarser mesh is presented for clarity.

-0.5 0 0.5 1

0

0.5

1

1.5

2

2.5
10
-3

A

(a) Skin-friction distribution

0.6 0.7 0.8 0.9 1 1.1

1.6

1.7

1.8

1.9

2

2.1

2.2

10
-3

(b) Detailed view of region A

Fig. 3 Skin-friction coefficient distributions for different cell sizes.

In order to quantify the effects of the flexible plate on downstream stagnation pressure, all the experimental test

cases were simulated. To provide baseline results, three additional simulations were conducted on a flat surface, one for

each shock generator thickness.

IV. Results
All streamwise distances in this study are measured with respect to the front (leading edge) of the flexible panel,

where x = 0 as defined in Fig. 1. Similarly, the experimental test cases are identified according to their shock generator

thickness tSG and their inviscid shock impingement point normalized by the plate length, x1/a. Cavity pressure was

approximately constant during a run and was found to vary in the range 0.27 ≤ Pc/P0,s ≤ 0.35 across different test

cases. The cavity pressure measured during each test is shown in the Supplemental materials.

A. Flow morphology

The flow morphology of an SBLI on a flexible panel is different from that on a flat surface, with plate curvature

introducing additional shocks and expansions. A typical schlieren image, obtained with the flexible assembly, is shown

in Fig. 4, and has been labeled with shock and flow structures that are common to all test cases.
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Mach waves

Incident shock

Expansion fan

Boundary layer

Separation

shock

Induced shock

Re-attachment 

shock

Front shock

Flow

Secondary SBLI

Triple point

SBLI triple point

Fig. 4 Schlieren image corresponding to the tSG = 11.3mm, x1/a = 0.87 test case, labeled with the main flow
structures

The presence of the deflected flexible panel results in the formation of a shock at the front of the bump, labeled as

the “front shock” in Fig. 4. This shock imposes an adverse pressure gradient but is not strong enough to cause boundary

layer separation. The front shock intersects the incident shock at a downstream position, giving rise to an additional

triple point, which is the intersection point itself. Moreover, a secondary, weaker SBLI can also be seen at the point

where the front shock is incident on the shock generator. The expansion that forms around the convex corner on the

lower side of the shock generator has also been labeled in Fig. 4, although this is barely visible due to the chosen

knife-edge configuration.

The thickness of a shock wave should be of the same order as the molecule’s mean free path [32]. The apparent

thickness of the shocks in Fig. 4 is attributed to variations in flow conditions across the span of the tunnel, including the

sidewall boundary layers.

1. Effect of changing shock impingement point

As the shock generator is moved downstream, some changes in the flow structures can be observed. These are

illustrated in Fig. 5, which shows a comparison of schlieren images taken with different streamwise shock positions.

(a) x1/a = 0.34 (b) x1/a = 0.57 (c) x1/a = 0.72 (d) x1/a = 1.01

Fig. 5 Schlieren images obtained at four shock generator streamwise positions, with a constant tSG = 11.3mm
shock generator. Only a portion of the images is shown. Scales in mm.
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When the shock impinges near the leading edge of the flexible panel, a large separation bubble with a high upstream

influence develops, as shown in Fig. 5(a). The front shock associated with concave curvature at the front of the panel

and the SBLI separation shock coalesce into a single, strong shock. As the shock generator is moved downstream, the

front and separation shocks split, and an independent (smaller) SBLI becomes visible; however, the front shock and

the SBLI’s induced shock still coalesce further downstream, as shown in 5(b). This phenomenon had been previously

observed by Tan et al. [6], who referred to the resulting structure as a “tilted λ-shock”. When the shock impingement

point is moved further downstream, this shock coalescence is no longer observed, as seen in 5(c) and 5(d). If the shock

impinges far downstream, as in 5(d), a large SBLI with a high upstream influence is observed.

2. Effect of changing shock generator thickness

The distance between the shock and the shock generator’s expansion fan depends on the shock generator thickness,

with thinner shock generators leading to smaller SBLI–expansion distances. The effect of varying the shock generator

thickness on the flow structures, whilst maintaining the same shock generator streamwise position, is shown in Fig. 6.

(a) tSG = 8.0mm (b) tSG = 9.5mm (c) tSG = 11.3mm

Fig. 6 Schlieren images obtained with shock generators of different thicknesses at the same streamwise position
x1/a = 0.42

Figure 6 shows that, as the expansion fan is moved further away from the SBLI, the size of the SBLI increases. This

is consistent with the results of previous experiments on a flat surface by Grossman & Bruce [17]. The vertical position

of the SBLI’s triple point is also found to increase with increasing SBLI–expansion distance. These changes in SBLI

structure are related to changes in shock-induced separation, as will be explored in Sec. IV.D.

3. Interaction lengths

In addition to providing means to visualise flow structures, the schlieren images can also be used to estimate the

interaction length Lint , which is the upstream distance across which the shock pressure rise is smeared. In this study, the

interaction length has been measured as shown in Fig. 7(a). The pixel measurement method introduces uncertainty in

the interaction length measurements. This has been estimated from the schlieren images to be approximately ±1mm.
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Additional errors are caused by non-negligible shock thicknesses and optical distortion within the boundary layer;

however, these have not been quantified.

Lint

Incident shock

Separation shock Rear leg

(a) Definition

0.2 0.4 0.6 0.8 1

0.05

0.1

0.15

0.2

0.25

(b) Interaction length plot

Fig. 7 (a) Interaction length definition, and (b) measured interaction lengths against normalised inviscid shock
impingement point.

The measured interaction lengths are plotted against the inviscid shock impingement point in Fig. 7(b). The same

trend is observed for all shock generator thicknesses: as the shock impingement point moves downstream, the interaction

length decreases until it reaches a minimum when the shock impinges on the downstream half of the plate, before

increasing again when the shock impinges near the trailing edge. Since the interaction length is related to the size of

the separation bubble, the results in Fig. 7(b) suggest that smaller separation regions could be obtained if the shock

impinges on the middle region of the bump. Moreover, a reduction in the upstream influence is consistently observed

when the shock generator thickness is decreased.

B. Static pressure distributions

Static pressure distributions were measured using 17 static pressure tappings placed along the centerline of the

flexible plate and of the upstream mounting block. Pressure data has been time-averaged over a period of 5 s.

1. Effect of shock impingement point

The static pressure distributions obtained with the tSG = 9.5 mm shock generator are shown in Fig. 8 and have been

normalized by the settling chamber stagnation pressure P0,s. The pressure distributions obtained with the remaining

shock generators share the main trends in Fig. 8.

11

Page 11 of 58

Submitted to AIAA Journal. Confidential - Do not distribute.

AIAA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

0.1

0.15

0.2

0.25

0.3

0.35

Fig. 8 Normalized static pressure distributions along the plate’s centerline at varying shock impingement
points, corresponding to the tSG = 9.5mm test cases.

Upstream of the flexible plate, all pressure distributions lie close to the isentropic pressure ratio at M∞ = 2, which is

shown as a black dashed line in Fig. 8.

A critical factor affecting the pressure distributions is surface curvature, d2w/dx2, which in a supersonic flow is

related to the pressure gradient. In the downstream direction, pressure initially varies due to plate bending, followed

by a large pressure rise as a result of the impinging shock. The initial pressure rise due to plate bending can be seen

to varying extents in all shock streamwise positions x1, but it is more noticeable when the shock impinges near the

trailing edge of the plate. The point of maximum pressure solely due to plate deformation does not correspond to the

bump’s peak; instead, maximum static pressure (ignoring the shock) is reached when plate curvature as seen by the flow

changes sign from concave to convex.

The SBLI pressure rise occurs upstream of the ideal inviscid shock impingement point, as a result of the shock

smearing due to the interaction. After the initial sharp SBLI pressure rise, pressure continues to increase until it reaches

a maximum and then decreases. This decrease in static pressure (a favourable pressure gradient) occurs because of two

factors: the shock generator expansion and the negative plate curvature. The flow would be expected to re-attach in this

region of favourable pressure gradient; hence, the distance between the pressure rise due to the shock and the pressure

peak may be taken as a crude indicator of the separation length.

Previous investigations on the effect of the shock streamwise positions by Tan et al. [6] hypothesized the existence of

a streamwise shock impingement point that would result in maximum static pressure on the plate. Furthermore, they

also suggested that this would translate into improved downstream total pressure recovery due to shock weakening

upstream of the SBLI. As seen in Fig. 8, this maximum static pressure indeed exists. For the tSG = 9.5 mm shock

generator, it corresponds to the x1/a = 0.34 case, although this changes in the range 0.34 ≤ x1/a ≤ 0.57 when other

shock generators are used. This maximum in the static pressure distributions occurs when the shock impinges on the
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bump near the point of zero plate curvature, i.e. where there is a peak in pressure rise due to the bump shape alone. As a

result, the flow undergoes a continuous compression due firstly to the bump, and subsequently the SBLI. When the shock

is further downstream, re-expansion due to negative plate curvature reduces the maximum post-shock static pressure.

2. Effect of SBLI–expansion distance

When the expansion is moved closer to the SBLI, some changes in the static pressure distributions are anticipated

since the expansion imposes a favourable pressure gradient. The effect of changing the shock generator thickness on the

static pressures is shown in Fig. 9. Four subfigures are included, corresponding to different shock streamwise positions.
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(a) x1/a = 0.27
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0.1

0.15

0.2

0.25

0.3

0.35

(b) x1/a = 0.42
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(c) x1/a = 0.72
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0.35

(d) x1/a = 1.01

Fig. 9 Normalized static pressure distributions along the plate’s centerline for changing shock generator
thicknesses at four shock impingement points. Error bars represent one standard deviation.

Firstly, an increase in the SBLI strength is seen as the expansion is moved away from the shock, as shown by

the greater post-shock static pressures. In addition, the SBLI pressure rise occurs further upstream as tSG increases,

implying greater interaction lengths. A similar trend had been previously observed by Grossman & Bruce [17] on

flat surfaces. Overall, these increases in pressure and upstream influence with shock generator thickness are in line

with the observations in Fig. 6, where larger interaction lengths were seen in the schlieren images with increasing

SBLI–expansion distance. Upstream of the SBLI pressure rise, the pressure distributions are almost identical for all

three shock generator thicknesses, suggesting that these pressure differences only result in marginally different plate
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profiles.

C. Plate deformations

Using photogrammetry, the three-dimensional plate deformations have been extracted at the locations of the

photogrammetry targets. Plate deformations were found to be steady once the starting shock was swallowed, and no

vibrations were recorded. A sample 3D plate profile is shown in Fig. 10, where the detected positions of the coded

targets are indicated with blue markers.

(a) Wind-off (b) Wind-on

Fig. 10 Sample three-dimensional plate profiles, corresponding to the tSG = 11.3mm, x1/a = 0.72 test case.
Deformations are interpolated with thin-plate smoothing splines.

Some three-dimensionality in the initial bump profile can be seen in Fig. 10(a); however, the maximum deformations

are of the order of 0.5mm, and are small compared to the wind-on deflections. These static deformations are caused by

small stresses introduced by the mounting procedure. The wind-on profile in Fig. 10(b) is approximately two-dimensional,

showing only small spanwise variations. Because of this, only the spanwise-averaged deformations will be considered

in subsequent sections. Nevertheless, the profile in Fig. 10(b) does exhibit some degree of three-dimensionality, with

slightly higher deflections near the two free ends of the plate.

The changes in static pressure due to different shock impingement points affect plate deformations. The spanwise-

averaged plate profiles corresponding to the tSG = 8.0 mm and tSG = 9.5 mm test cases are shown in Fig. 11.
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(a) tSG = 8.0mm
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(b) tSG = 9.5mm

Fig. 11 Spanwise-averaged plate deformations for varying shock impingement position, interpolated with
thin-plate interpolation splines. Markers indicate the streamwise locations of the photogrammetry targets.

Plate profiles are found to change significantly with shock position. Fig. 11 shows that there is a minimum in

maximum plate deflection for x1/a = 0.42, while this increases for shock locations upstream and downstream of this

position.

D. Oil flow visualisation

Surface oil flow visualisation has been used to observe the topology of the separation region by injecting oil into

the boundary layer at two spanwise stations. Some representative oil flow frames are shown in Fig. 12 for different

streamwise shock impingement positions. In order to aid visualisation, the contrast in these images has been modified

via histogram equalisation and streaklines have been added. All figures have been marked with the streamwise and

spanwise extents of the separation regions.

15

Page 15 of 58

Submitted to AIAA Journal. Confidential - Do not distribute.

AIAA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

(a) x1/a = 0.27 (b) x1/a = 0.42 (c) x1/a = 0.57 (d) x1/a = 0.72

Fig. 12 Oil flow visualisation images for varying shock impingement point, with a constant tSG = 8.0mm.
Streakline schematics are superimposed.

All the images in Fig. 12 display a similar trend: most of the oil is concentrated in two distinct separation cells,

connected via a thinner region of cross-flow. This is, however, expected as the oil is injected at two spanwise locations.

When the shock impinges near the front of the bump, such as in Fig. 12(a), a large separation bubble is formed.The

flowfield in Fig. 12(a) should be interpreted with some caution relative to the other test cases since the oil was injected

directly into the separation bubble and the impact of this on the separation region is unknown.

The separation bubble in Fig. 12(a) is large, with a length Lsep = 35 ± 4mm in the streamwise direction and a width

of 115mm. As the shock impingement is changed from x1/a = 0.27 to 0.42 in Fig. 12(b), the length of the separation

region is approximately halved, with the bubble having Lsep = 18 ± 3mm and a width of 111mm. When the shock

moves further downstream, both the length and width of the separation bubble increase slightly. This suggests the

existence of a streamwise shock position that results in a separation bubble of minimum size.

Figure 13 shows the effects of changing the shock generator thickness on the topology of the separation region. As

the expansion is moved away from the SBLI, the separation length increases. This growth of the separation region occurs

via an increase in the SBLI’s upstream influence, as the re-attachment point remains approximately the same in all three

cases. Both the increase in size of the separation bubble and the invariance in the re-attachment point with increasing

SBLI–expansion distances are consistent with the observations of Grossman & Bruce [17] for SBLIs on flat surfaces.

16

Page 16 of 58

Submitted to AIAA Journal. Confidential - Do not distribute.

AIAA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

(a) tSG = 8.0mm (b) tSG = 9.5mm (c) tSG = 11.3mm

Fig. 13 Oil flow visualisation images for different SBLI–expansion distances, at a constant x1/a = 0.57

The separation and re-attachment streamwise locations, xs and xr respectively, are tabulated in Table 1 as measured

from the oil flow images. These were measured along the streamlines emanating from the oil injection ports, where oil

density is greatest. The separation length (defined as Lsep = xr − xs) and the ratio of the interaction length (as shown in

Fig. 7) to the separation length are also included.

Table 1 List of separation and re-attachment points, as measured in the oil flow images.

tSG (mm) x1/a xs (mm) xr (mm) Lsep (mm) Lint/Lsep

8.0

0.27 −8 ± 2 26 ± 2 34 ± 4 0.70 ± 0.08

0.42 40 ± 2 58 ± 1 18 ± 3 1.0 ± 0.2

0.57 57 ± 1 77 ± 2 20 ± 3 0.7 ± 0.1

0.72 83 ± 1 104 ± 1 21 ± 2 0.69 ± 0.06

9.5 0.57 57 ± 1 81 ± 1 24 ± 2 0.67 ± 0.06

11.3 0.57 50 ± 2 77 ± 2 27 ± 4 0.7 ± 0.1
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E. Numerical simulations

In order to explore the effects of the flexible plate on the downstream total pressure recovery, all the experimental

test cases have been reproduced in two-dimensional steady simulations. In these, the experimental spanwise-averaged

plate profiles were imposed as solid boundaries. The simplified 2D simulations do not capture some important SBLI

effects, such as flow unsteadiness, flow bleeding/injection due to the cavity, and the effect of the sidewall boundary

layers. Due to these simplifications, some differences between the experimental and simulated flowfields are anticipated.

The experimental and numerical results are compared in Sections IV.E.1-3. The calculated stagnation pressure profiles,

for which no experimental validation was available, are presented in Section IV.E.4.

1. Flow structures

In order to visualise the computational flowfield, the spatial distribution of some scalar quantity may be considered.

Fig. 14 compares a representative Mach number field obtained with the numerical simulations to its corresponding

experimental schlieren image.

(a) Mach number, CFD (b) Schlieren, experimental

Fig. 14 Comparison of the Mach number field obtained with CFD and an experimental schlieren image, both
corresponding to the tSG = 11.3mm, x1/a = 0.57 test case. The schlieren image in (b) corresponds to the region
inside the dashed rectangle in (a).

Figures 14(a) and (b) both show similar flow structures. As shown in 14(a), the numerical simulation predicts

the coalescence of the front and induced shocks observed in experiments; however, these shocks intersect further

downstream than in 14(b). This is in part due to differences in the induced shock angle, which is visibly shallower in

14(a) than in 14(b). Examining the SBLI itself, the numerical simulations predict a region of supersonic flow outside

the separation bubble, as well as a clear SBLI rear leg. In contrast, the schlieren image shows that the flow downstream

of the separation shock is highly unsteady, with a barely visible rear leg.
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2. Static and Pitot pressure validation

Figure 15 compares the numerical static pressure distributions along the wind tunnel’s surface to the experimental

ones. In simulations, static pressures in the range −0.73 ≤ x/a ≤ 1.33 are available, but only a part of these are shown

in order to ease comparison with the experiments.
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(b) x1/a = 0.42
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(d) x1/a = 1.01

Fig. 15 Comparison of the normalized static pressure distributions, obtained with the tSG = 9.5mm shock
generator. Error bars represent one standard deviation.

Upstream of the shock, the experimental and CFD pressure profiles agree well. The pressure rises due to plate

curvature in Figs. 15(b-d) are very similar in experiments and CFD, with the pressure peak being approximately at

the same streamwise location. Nevertheless, the numerical simulations slightly underestimate the pressure magnitude,

potentially due to slightly inaccurate interpolated plate curvature, or the inability of the CFD simulations to accurately

capture the boundary layer development.

A greater discrepancy between experiments and CFD can be seen after the shock impingement, with numerical

simulations consistently underpredicting the magnitude (and hence the strength) of the SBLI pressure rise. These

discrepancies between the experimental and RANS pressure distributions in the SBLI region had been observed in

previous studies. As noted by Benek [33], the computed SBLI pressure rises in RANS simulations relax towards zero

pressure gradient faster than in experiments.
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All CFD simulations predict a two-step pressure rise due to the SBLI. This has also been observed in other numerical

and experimental studies [4, 17]. Nevertheless, this two-step rise is not seen in the experimental pressure distributions.

This can be partially attributed to the low spatial resolution of the experimental pressure measurements, which does not

allow the complete reconstruction of the SBLI pressure rise. A better agreement between the CFD simulations and

the experiments can be seen in the region downstream of the pressure peak (with a favourable pressure gradient) in

Figs. 15(a) and (b).

A sensitivity study was conducted to explore the effects of changing the inlet boundary layer thickness (in the range

4 ≤ δ ≤ 8mm) on the pressure distributions. A slight increase on the upstream influence, and a reduction in the pressure

rise, were observed as the boundary layer thickness was increased. However, these changes are small compared to the

discrepancies with experiments seen in Fig. 15.

The Rayleigh-Pitot equation, given by Eq. (8.80) in Anderson [32], has been used to calculate the numerical Pitot

pressure at a station x = 180mm, which is the location of the Pitot rake in experiments. Figure 16 compares the

experimental and numerical Pitot pressures at four different shock impingement locations.

0.2 0.4 0.6 0.8 1

0

20

40

60

(a) x1/a = 0.27
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(b) x1/a = 0.42
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(d) x1/a = 1.01

Fig. 16 Comparison of the normalized Pitot pressures recorded at x = 180mm from experiments and nu-
merical simulations, obtained with the tSG = 9.5mm shock generator. Error bars represent one standard
deviation.

In general, the experimental and numerical Pitot pressure distributions show a good agreement. For example, the
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numerical simulation in Fig. 16(d) correctly predicts the experimental Pitot pressure profile including the effects of

the induced shock, which is responsible for the sudden decrease in the uppermost experimental Pitot measurement.

However, CFD slightly underestimates the magnitude of the Pitot pressures in 16(d). The agreement between CFD and

experiments is worse in 16(b) and (c). In 16(b), the experimental data displays some unsteadiness, shown by the large

error bars, and this is not captured by the steady simulations.

Observing the boundary layer profile, for which only the data points at y = 3mm and y = 8mm are available in

experiments, it can be seen that CFD simulations accurately capture the first experimental data point in all four cases,

but consistently overpredict the Pitot pressure of the second one, at y = 8mm.

3. Separation

A key factor in characterising an SBLI is the separation length. In simulations, the separation (xs) and re-attachment

points (xr ) were inferred from the region where cf < 0. A sample skin-friction plot was shown in Fig. 3. Once these

points were known, the separation length was calculated and the results are shown in Fig. 17. Moreover, a set of baseline

(reference) values, calculated on a flat surface with different shock generator thicknesses and a shock impinging at

x1/a = 0.57, have been added as horizontal lines.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

0

0.1

0.2

0.3

0.4

0.5

Flat, tSG = 8.0 mm

Flat, tSG = 9.5 mm

Flat, tSG = 11.3 mm

Fig. 17 Variation in separation length with shock impingement position.

Figure 17 shows that, if the shock impinges on the middle region of the bump (0.34 ≤ x1/a ≤ 0.87), reductions

of the order of 40% in the separation length can be achieved with respect to the flat surface case. This is true for all

shock generator thicknesses considered. To validate these predictions, the experimental results obtained with oil flow

visualisation are shown superimposed, and these agree well with the CFD values. If the shock impinges too far upstream

or downstream, performance degrades and separation lengths up to 45% larger than in the flat surface case are observed.

Grossman & Bruce [17] reported that increasing the shock generator thickness resulted in increased separation

lengths on a flat surface. As shown in Fig. 17, this is also true when the shock impinges on a deflected surface.
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Furthermore, even though the flat surface separation lengths have been plotted as horizontal lines (independent of

the shock impingement position), in reality, the separation length would be expected to increase slightly as the shock

impinges further downstream due to boundary layer thickening.

4. Stagnation pressure

Figure 18 shows the downstream stagnation pressure profiles obtained with the tSG = 9.5 mm shock generator, as

predicted by simulations. All stagnation pressures have been calculated at x = 180mm, as this was the location of the

Pitot rake in the experiments.

0.94 0.95 0.96 0.97 0.98 0.99
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Fig. 18 Stagnation pressure profiles at x = 180mm for varying shock impingement locations. Only values
outside the boundary layer are shown.

Considering first the flow outside the boundary layer (y > 10 mm), it can be seen that the x1/a = 0.34 and

x1/a = 0.42 shock positions provide the greatest stagnation pressure recovery, at least in the 10 ≤ y ≤ 45mm region.

These are the shock impingement locations that also resulted in the highest peak static pressures in Fig. 8. Nevertheless,

these two test cases show a sudden decrease in stagnation pressure for y > 45mm, and this is caused by the coalescence

between the front and induced shocks, as seen in Fig. 5(b).

In order to quantify the effects of the flexible plate on total pressure recovery, a recovery coefficient crec has been

considered. This represents a mass-weighted average of the downstream total pressure, and is defined as

crec =

∫ yend

0 ρu P0
P0,s

dy∫ yend

0 ρu dy
(1)

where yend is the upper integration limit. Figure 19 shows the calculated recovery coefficient with the three shock

generator thicknesses at varying x1. An upper limit yend = 53mm has been used, as this is the height of the uppermost

Pitot probe sampled. In addition, the results obtained on a flat surface with a shock impinging at x1/a = 0.57 have been

22

Page 22 of 58

Submitted to AIAA Journal. Confidential - Do not distribute.

AIAA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

included as horizontal lines with no markers, ignoring the effects of boundary layer thickening when x1/a increases.
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Fig. 19 Mass-weighted stagnation recovery coefficient against shock position.

Improvements in the stagnation pressure recovery are observed with respect to the flat surface case when the shock

impinges in the range 0.42 ≤ x1/a ≤ 1.01, with maximum recovery occurring when the shock lies on the central region

of the flexible plate (0.57 ≤ x1/a ≤ 0.72). Reductions between 8% and 10% in the mass-averaged losses are found if

this is the case, and this is true for all the SBLI–expansion distances considered.

Examination of the stagnation pressure profiles in Fig. 18 shows that stagnation pressure losses are not dominated

by losses in the outer flow, where shock structures play a major role, and rather by dissipation within the boundary

layer. Hence, the test cases with thinner boundary layers also provide greater recovery coefficients. In fact, comparison

of Figs. 17 and 19 reveals a clear correlation, as the test cases with smaller separation bubbles also provide higher

downstream stagnation pressure recovery. It is hypothesized that this is due to reduced viscous dissipation in the

separation region.

In order to examine the effects of changing the integration limit yend, a sensitivity study was conducted. This

confirmed that the bump can provide improved stagnation pressure recovery irrespective of the integration limits used.

F. Synthesis

The experimental static pressure distributions along the centerline of the plate in Fig. 8 have shown that there exists

a shock impingement location that results in maximum pressure on the plate. Tan et al. [6] hypothesized the existence

of this optimum point and suggested that it could result in improved stagnation pressure downstream of the bump.

Numerical simulations show that this is indeed the case, at least outside the boundary layer, as illustrated in Fig. 18.

Moreover, examining the schlieren and oil flow images for varying shock streamwise impingement positions (Figs. 5

and 12), it was noticed that a shock impinging near the front or rear of the flexible plate caused large separation bubbles

and SBLI upstream influences. On the contrary, a shock impinging on some location around the mid-chord of the

flexible plate resulted in a separation bubble of minimum length. These observations are further supported by the
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numerical results in Fig. 17, where this minimum separation length was not only observed, but it was also significantly

lower than if the bump were not present. When examining the numerical recovery coefficient in Fig. 19, it was found

that, if the shock impinges on the middle of the bump, the flexible surface also provides improved stagnation pressure

as compared to the flat surface case. This is due to a combination of reduced separation length (resulting in thinner

boundary layers) and more efficient compression of the outer flow.

Figure 20 compares the observed flow structures at three different shock impinging positions. If the shock impinges

too far upstream, as in Fig. 20(a), or too far downstream, as in 20(c), the large separation bubbles and inefficient flow

compression limit the attainable total pressure recovery. The configuration in 20(b) with a shock at the mid-chord

provides maximum stagnation pressure recovery. Most importantly, improvements with respect to the flat surface case

are found for a range of shock impingement positions: 0.42 ≤ x1/a ≤ 1.01. This suggests that the bump could remain

beneficial even for varying flow conditions.

Coalesced shock

M∞ > 1
Separation

bubble

Compression

(a) Front impingement

Front shock

Coalescence

M∞ > 1

Expansion

(b) Middle impingement

M∞ > 1
Expansion

(c) Rear impingement

Fig. 20 Schematic diagrams of SBLIs on a flexible surface at different shock impingement locations. The
optimum position for maximum stagnation pressure recovery is shown in (b).

Furthermore, testing with different shock generator thicknesses has shown that these trends of (1) greater static

pressure loads, (2) reduced separation length, and (3) improved stagnation recovery if the shock impinges at the

mid-chord of the bump are also applicable when the SBLI–expansion distance increases. This highlights the potential

application of flexible surfaces for SBLI control in supersonic inlets, where no expansion exists downstream of the

shock.

V. Conclusions
This study investigated oblique shock–boundary layer interactions on a flexible panel in an M∞ = 2 flow. A

parametric study was conducted in the Imperial College supersonic wind tunnel, in which the effects of varying the shock

impingement position and the SBLI–expansion distance were explored. In addition, two-dimensional steady simulations

were used to study the effectiveness of the bump in improving downstream total pressure recovery. The computational

results were validated against static and Pitot pressure experimental measurements. Numerical simulations accurately

predict the main trends in the static and Pitot pressure profiles, although they consistently underpredict the SBLI pressure

rise.
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By moving the shock generator in the streamwise direction, inviscid shock impingement positions in the range

0.27 ≤ x1/a ≤ 1.01 have been tested. The static pressure distributions, measured along the centerline of the flexible

surface, have shown that maximum static pressure is achieved when the shock impinges on the region 0.34 ≤ x1/a ≤ 0.57,

with the exact location varying depending on the shock generator thickness. This maximum exists because of the

combined flow compression due to plate curvature and the SBLI, before any flow re-acceleration.

Oil flow visualization was used to measure the separation length. Numerical simulations, which agree well with the

experimental values, show reductions of the order of 40 % in the separation length with respect to the flat surface case if

the shock impinges on the flexible plate in the range 0.34 ≤ x1/a ≤ 0.87. When the SBLI lies outside this range, a

degradation in performance is observed, resulting in separation lengths up to 45% larger than if the flexible surface

were not used.

Using numerical simulations, improvements in downstream stagnation pressure recovery with respect to the flat

surface case are also found for shock positions in the range 0.42 ≤ x1/a ≤ 1.01. In particular, CFD results show that

the mass-averaged stagnation pressure losses can be reduced by between 8% and 10% if a flexible surface is used.

The effects of changing the SBLI–expansion were explored by varying the shock generator thickness between

tSG = 11.3 and 8.0mm, while maintaining a constant tunnel aspect ratio A = 1.25. Experimental results show

reductions in the static pressure rise when the expansion is moved closer to the SBLI, implying a weakening of the

interaction. Similarly, decreasing the SBLI–expansion distance also results in a reduction in the SBLI upstream influence,

as shown by schlieren images and static pressure distributions. Both oil flow and computational results show that this

decrease in the upstream influence is associated with a reduction in size of the separation bubble. Furthermore, the

improvements in separation length and total pressure recovery when the shock impinges on the middle of the bump were

found to occur for all the shock generator thicknesses used in the simulations.

Further research is desirable to confirm whether the beneficial performance of flexible surfaces for oblique shock

control holds across a wider range of shock angles and Mach numbers. Such tests would be necessary to verify the

considerable potential of flexible surfaces as a passive and mechanically-simple form of shock control in next-generation

supersonic inlets.
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Oblique shock control with steady flexible panels

Nicolas Gomez-Vega∗, Michela Gramola†, and Paul J. K. Bruce‡

Department of Aeronautics, Imperial College London, SW7 2AZ, United Kingdom

Flexible panels deforming under pressure loads have been suggested as a passive form of

adaptive oblique shock control. This study investigates oblique shock–boundary layer interac-

tions on a steady flexible panel in aMach 2.0 flow. Experiments were performed in the Imperial

College supersonic wind tunnel, where shock generators were used to produce an oblique shock

followed by a corner expansion. A parametric study was conducted, exploring different shock

impingement positions and shock–expansion distances. The steady aero-structural response

is studied using schlieren photography, static pressure distributions, photogrammetry mea-

surements, and surface oil flow visualisation. Two-dimensional numerical simulations were

performed to assess the effects of the flexible panel on downstream total pressure recovery.

These were validated against experimental wall pressure distributions andmeasurements from

a Pitot rake. Results show reductions in both separation length (of up to 40%) and stagnation

pressure losses (of up to 10%) if the flexible plate is used. These improvements occur for

a range of shock positions spanning approximately 50% of the panel length and for all the

shock–expansion distances considered. A model that captures the flow physics responsible for

these trends is proposed. The results highlight the potential of flexible panels for practical

oblique shock control.

Nomenclature

a = plate length, mm

A = tunnel aspect ratio

cf = skin-friction coefficient

l = mesh target surface size, mm

Lint = interaction length, mm

Lsep = separation length, mm

Pa = atmospheric pressure, Pa

Pc = cavity pressure, Pa
∗Graduate, Department of Aeronautics, Imperial College London
†PhD Candidate, Department of Aeronautics, Imperial College London, AIAA Student Member
‡Senior Lecturer, Department of Aeronautics, Imperial College London, AIAA Senior Member
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Pp = Pitot pressure, Pa

P0 = stagnation pressure, Pa

P0,s = settling chamber stagnation pressure, Pa

tSG = shock generator thickness, mm

u = flow velocity, m s−1

w = plate deflection, mm

xe = impingement point of the expansion’s head, mm

xr = re-attachment point, mm

xs = separation point, mm

xSG = shock generator streamwise location, mm

x1 = inviscid shock impingement point, mm

y+ = dimensionless wall distance

δ = boundary layer thickness, mm

θ = flow deflection, deg

ρ = density, kgm−3

I. Introduction

The main function of a supersonic engine inlet is to decelerate the flow to subsonic conditions in the most efficient

way possible, without great losses in stagnation pressure. A common strategy for this involves the generation

of oblique shock structures, reflecting off the internal surfaces of the inlet. As these shocks meet the boundary

layers growing along the surfaces, shock–boundary layer interactions (SBLIs) develop. These often cause undesirable

separation and unsteadiness, leading to stagnation pressure losses and lower efficiency. Therefore, it is not surprising

that oblique SBLIs have become a target for flow control [1–6].

A promising method for SBLI control are shock control bumps, which are contoured protrusions on aerodynamic

surfaces. These have been investigated for applications ranging from transonic wings [7–9] to engine inlets [3, 10].

The potential of shock control bumps for normal shock control has been widely demonstrated despite their sensitivity

to shock position and changes in flow conditions [11]. If the normal shock impinges away from its design position,

additional shock and expansion structures develop, leading to worsened performance [12].

Aircraft and engine components are made of relatively flexible materials, which may deform under pressure loads.

The interplay between surface deformations and the SBLI properties, an example of fluid–structure interaction (FSI),

has become a subject of recent research interest in the context of adaptive shock control. Some groups have investigated

dynamic shock control via vibrating surfaces [4, 13], while others have focused on static control with steady contoured
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surfaces [6, 14, 15]. In this sense, steady flexible panels have been suggested as a simple form of passive oblique shock

control, in a manner analogous to shock control bumps for transonic applications [6]. Previous studies on oblique SBLIs

on flexible surfaces have highlighted potential reductions in the size of the separation region with increasing surface

curvature [4, 6], a first step towards flow control.

For flexible panels to realize their potential as a practical means of oblique shock control in engine inlets, they must

provide reduced total pressure losses. Some numerical investigations [5, 16] have suggested that contoured surfaces

can lead to improved downstream stagnation pressure. No experimental confirmation of this currently exists, due to

the technical challenges in measuring accurate stagnation pressure profiles in supersonic flows, particularly within the

boundary layer. Nevertheless, the wall pressure distributions in Tan et al. [6] show that, for some shock positions, flexible

panels can lead to more efficient flow compression upstream of the impinging oblique shock, potentially weakening the

interaction and reducing losses.

Oblique SBLIs are also common in aircraft component–component interactions. For example, a supersonic aircraft

with externally-mounted stores (such as fuel tanks or missiles) would experience an oblique shock impinging on the

fuselage. In these cases, the incident shock is often followed by an expansion, which counters many of the effects of

the SBLI by imposing a favourable pressure gradient. A simple way to produce an oblique shock in a wind tunnel is

with a wedge-shaped plate, often referred to as a “shock generator". By necessity, these devices also introduce an

expansion fan, as they must return the flow parallel to the freestream some distance downstream of the compression.

Studies on oblique SBLIs often try to decouple these effects, either by increasing the SBLI–expansion distance [17] or

by modifying the shock generator geometry [18]. The study of how this expansion affects flow properties is of interest,

since component–component interactions in real aircraft usually produce similar shock–expansion structures. Studies

on flat surfaces [17, 19] have found reductions in the separation length as the expansion is brought closer to the SBLI.

Nevertheless, this interplay has not been explored on flexible surfaces thus far.

In this context, this study investigates the suitability of using steady flexible surfaces deforming under pressure loads

for static oblique shock control. Experiments are conducted at Mach 2.0 in the Imperial College supersonic wind tunnel

on a thin aluminium plate, using shock generators with 10◦ wedge angles. By varying the shock generator thickness, the

effect of changing the distance between the shock and the expansion impingement points is studied. Particular focus is

given to small SBLI–expansion distances, typical of those in aircraft component interactions. Similarly, the effects

of changing the streamwise shock impingement point, at constant SBLI–expansion distance, are also explored. The

experimental setup is described in Sec. II, while the results are presented and discussed in Sec. IV.

The experimental setup did not allow the reconstruction of the downstream total pressure profile. In order to

overcome this, all experimental test cases have been replicated in two-dimensional Reynolds-averaged Navier Stokes

(RANS) simulations in order to obtain downstream total pressure profiles. In these, the experimental wall profiles

measured using photogrammetry are imposed as solid boundaries. Further details regarding the models and assumptions
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in the numerical simulations are examined in Sec. III. Finally, the numerical results are validated and discussed in

Sec. IV.E.

II. Experimental Methods
Experiments were performed in the Imperial College London (ICL) supersonic wind tunnel, a blow-down facility

supplied with dry air from tanks pressurized to 2.7 MPa. The tanks provide sufficient compressed air for run-times

of approximately 40 s, followed by a recharging time of several hours. Flow conditions at the settling chamber are

controlled by a pneumatic valve that regulates stagnation pressure using a PID controller. For the present investigation,

the tunnel was fitted with a Mach 2.0 supersonic nozzle. The flow conditions in the wind tunnel were characterized by

Threadgill & Bruce [20], who reported an incoming boundary layer thickness δ = 5.87mm just upstream of the region

of interest in this study.

The flexible plate was installed in the test section of the tunnel, which has a square cross-section and dimensions

727mm long × 150mm wide × 150mm tall. A schematic diagram of the test section, along with the fitted equipment

and the coordinate system, is shown in Fig. 1.

26 150 52.540
x

150

xSG

x1

Shock generator
M∞ = 2 

xe

65.5

75

Pitot rake

Fig. 1 Wind tunnel nozzle and test section, labeled with the relevant geometric parameters. Dimensions in
mm.

Oblique shocks in the test section were produced using shock generators, which are wedge-shaped plates as shown in

Fig. 1. As the flow turns around the convex corner on the underside of the shock generator, an expansion develops. All

the shock generators in this study had a spanwise width of 148mm and a wedge angle of θ = 10◦. The shock generators

were attached to the top of the tunnel by two actuated mounts. The points x1 and xe in Fig. 1 respectively correspond to

the inviscid shock and expansion impingement points on an undeformed flat plate.

The flexible plate assembly is made of the aluminum alloy Al 7075-T6 and has the same basic design as those

described in Jinks et al. [21] and Tan et al. [6]. The plate was designed against flutter using the criterion in Dowell [22].

It contains a thin panel of length a = 150mm, width-to-length ratio of 1 width 149mm, and thickness h = 0.6mm. The

two longitudinal ends of the flexible plate are clamped to the supports, while the two sides are free. A 0.5mm gap exists

between either side of the plate and the wind tunnel’s walls. Each support was bolted to the wind tunnel floor at four
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points. Further details regarding the plate design and mounting may be found in the Supplemental Materials The flexible

portion of the plate contains a total of 15 pressure tappings placed along the centerline, with the upstream support

containing two additional tappings. Following the setup in Tan et al. [6], three aluminum spacers, each of thickness

0.4mm, were slotted underneath the plate assembly to constrain end displacements.

Underneath the flexible panel, there sits a small chamber, known as the “cavity”, sealed at all points except for the

two sides of the plate and for the hole drilled for the Pitot rake tubes, which is itself partially blocked by these tubes.

Since the mean flow is not isolated from the cavity, there is some leakage of air from the cavity into the flow is expected.

The difference between the pressures in the cavity (referred to as “cavity pressure”, Pc) and in the flow is what drives

plate deformations.

The plate assembly is fitted with a vertical Pitot rake positioned downstream of the flexible portion as shown in

Fig. 1. The rake has a total of 15 Pitot probes for a total height of 75mm, although only the 11 lowest ones were sampled.

The probes are 5mm apart, with the first one placed 3mm above the surface. Since the bulk flow downstream of the

plate is still supersonic, the pressure measured by these probes (“Pitot pressure”, Pp), is not the same as the stagnation

pressure. The Pitot rake did not contain static pressure tappings, and therefore, the experimental stagnation pressure

could not be calculated. Due to this, numerical simulations were used to estimate the downstream total pressure, and

their calculated Pitot pressures were compared to the experimental ones for verification. Pressure measurements were

taken using a Netscanner pressure transducer, sampling at 100Hz. Pressure data was sampled for a period of 5 s for

each test case once the settling chamber pressure had reached the steady-state. Moreover, the standard deviation was

recorded for each measurement, and this was used as a measure of experimental errors.

Schlieren photography was employed to observe the flow structure above the flexible panel. A Z-type configuration

was used, with two 200mm diameter concave mirrors with a focal length of 1200mm in which light from a Thorlabs

MCWHL5 LED point source with a Thorlabs LEDD1B driver was reflected on two 200mm diameter concave mirrors

with a focal length of 1200mm. The light was focused on an aperture with a vertical knife-edge, blocking the right-half

of the light. Schlieren images were recorded with a Phantom v641 high-speed camera.

Point-tracking photogrammetry was used to reconstruct the 3D bump profile. Following the work of Gramola et

al. [23], eighty 12-bit coded targets, each of thickness 20 µm, were attached to the surface of the plate. The motion of

these targets was recorded using four synchronized Phantom Miro 310 cameras, placed at different angles around the

viewing panels of the working section. All the cameras had a resolution of 1280 × 800 pixels and recorded at the same

frequency as the pressure transducers (100Hz). Further details regarding the setup, calibration and post-processing may

be found in Gramola et al. [23]. For every run, a photograph was extracted from each of the four cameras once the plate

deformations were steady. These images were subsequently processed using the commercial software PhotoModeler

Motion [24], allowing the reconstruction of the 3D bump profile.

The separation region was observed using surface oil flow visualisation. For these experiments, the photogrammetry

5
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targets were removed. An oil mixture was injected onto the surface of the tunnel floor through two holes in the plate

assembly, which are 60mm apart and 8mm downstream of the front of the panel. The oil was a mixture of oleic acid,

titanium dioxide and kerosene, in the following proportions: for every 17 g of kerosene, 10 g of titanium dioxide and

11 drops of oleic acid. Oil motion was filmed through the sidewall viewing panels using one of the photogrammetry

cameras. Since oil flow images were taken at an angle, a dewarping process was necessary to correct for the effects

of perspective and plate deformations. For this purpose, the geometric method in Stamatopoulos et al. [25] was

implemented, consisting in mapping pixels on a curved surface to a 2D rectangular area. Once the dewarped images

were obtained, these were used to produce streakline schematic diagrams.

A parametric study was performed by testing several shock and expansion impingement points. A parameter

affecting the SBLI–expansion distance is the tunnel aspect ratioA, which is defined here as the effective width-to-height

ratio of the wind tunnel test section, although alternative definitions exist with the height being measured from the

wind tunnel floor to the tip of the shock generator. Alternative definitions exist; for example, some authors [26, 27]

define an unrelated “viscous aspect ratio”. A high aspect ratio, with a shock generator close to the floor, would provide

larger SBLI–expansion distances; however, it would also interfere with the photogrammetry equipment, covering the

targets, and could cause tunnel unstart. In order to prevent this, experiments were conducted at a constant aspect ratio of

A = 1.25. This choice provides an adequate maximum SBLI–expansion distance (17 mm) whilst ensuring that the

photogrammetry targets are not covered. Because of this choice, the SBLI–expansion distance was varied using shock

generators of different thicknesses.

A total of 21 test cases were examined using three different shock generators thicknesses (tSG = 11.3mm, 9.5mm

and 8.0mm) with a constant wedge angle θ = 10◦. The shock generator streamwise location was varied between tests to

obtain seven streamwise shock positions, in the range 0.27 ≤ x1/a ≤ 1.01, for each shock generator thickness. The

different shock generator thicknesses provide three different SBLI–expansion distances xe − x1 (following the notation

in Fig. 1) to be tested: 17, 8 and 1mm. It should be noted that, in calculating these distances, it was assumed that the

expansion crosses the reflected shock unhindered as suggested by Grossman & Bruce [17]. Similarly, the effects of plate

deformations, which are not known in advance, on x1 and xe were also ignored. All test cases were conducted with a

settling chamber pressure ratio P0,s/Pa = 1.80, which was expected to provide fully supersonic flow in the test section.

Moreover, six additional test cases were conducted with the oil flow visualisation setup. These explore the impact of

shock streamwise position and shock generator thickness on flow separation.

III. Numerical Simulations
A numerical investigation was conducted using the commercial Computational Fluid Dynamics (CFD) software

Star-CCM+ [28] in order to quantify the effects of the flexible plate on downstream total pressure recovery. Fully-

turbulent, steady simulations were performed in a two-dimensional domain to reduce the computational costs. In these,
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the RANS equations were solved via the finite volume method using a coupled flow solver model, which solves the mass

and momentum equations simultaneously. Air was assumed to behave as a calorically perfect gas, with a viscosity

governed by Sutherland’s law.

A turbulence model was used to close the RANS equations. Popular choices for numerical simulations of flows with

shock–boundary layer interactions include the one-equation Spalart-Allmaras model [15, 29], and the two-equation

Menter’s shear-stress transport (SST) k-ω model [3–5]. Among these, the Menter SST k-ω model was selected due to

its superior performance in flows with strong adverse pressure gradients and separation [4, 30].

The main boundary conditions in the simulations are the inlet conditions (pressure and temperature) and velocity

profile, and the outlet pressure. The inlet velocity profile was calculated with a one-seventh power law, given by

Eq. (20.6) in Schlichting [31], using the boundary layer parameters measured by Threadgill & Bruce [20] for the ICL

supersonic wind tunnel. This provides an incompressible shape factor H = 1.286, which matches the value reported by

Threadgill & Bruce [20], H = 1.28. Both the inlet and outlet static pressures are set constant and equal to P∞ = 23.3 kPa,

which is the static pressure corresponding to an M∞ = 2 flow with P0 = 1.8 atm.

The computational domain is shown in Fig. 2. All walls are assumed to be adiabatic, and the bump profiles for each

simulation are obtained from photogrammetry measurements.

1
2
0

110 150 50

110+ xSG

tSG

10º

In
le

t

Slip wall
No-slip wall

O
u
tle

t Prism layer 
cells

6

Polygonal 
cells

Fig. 2 Computational domain, labeled with dimensions and boundary conditions. Dimensions in mm.

Due to the curvature of the flexible plate, a polygonal mesher was selected. In addition, a prism layer mesh, with

quadrilateral cells of high aspect ratio, was used along the bottom boundary to better capture the boundary layer profile.

The near-wall cell thickness was selected so that y+ ≈ 1. To ensure an adequate resolution of the boundary layer, a total

of 150 prism cells were used in the wall-normal direction for a total prism layer thickness of 6mm, which is slightly

larger than the initial boundary layer height, δ = 5.8mm.

A mesh refinement study was conducted in order to determine the target surface size of the polygonal cells l, which

is the reference edge length that the mesher aims to achieve. The study was conducted on a computational domain

similar to the one in Fig. 2, but with a flat bottom boundary. Fig. 3 shows the skin-friction coefficient distributions

7

Page 35 of 58

Submitted to AIAA Journal. Confidential - Do not distribute.

AIAA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

predicted by each of the different meshes. Some differences in the skin friction distributions can be seen as the mesh is

refined from l = 2mm to l = 0.3mm; whereas further refining with cell sizes smaller than l = 0.3mm only result in

marginal changes, indicating convergence. Based on the plots in Fig. 3, the l = 0.2mm mesh has been selected, as this

provides an adequate prediction of the converged skin-friction distribution at a lower cost than the most refined mesh.

This choice of cell size results in meshes of the order of 1 million cells; however, the exact number of cells varies as the

shock generator position is changed. A sample mesh is shown in Fig. 2, where a coarser mesh is presented for clarity.
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(a) Skin-friction distribution
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1.6

1.7

1.8

1.9
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2.1

2.2

10
-3

(b) Detailed view of region A

Fig. 3 Skin-friction coefficient distributions for different cell sizes.

In order to quantify the effects of the flexible plate on downstream stagnation pressure, all the experimental test

cases were simulated. To provide baseline results, three additional simulations were conducted on a flat surface, one for

each shock generator thickness.

IV. Results
All streamwise distances in this study are measured with respect to the front (leading edge) of the flexible panel,

where x = 0 as defined in Fig. 1. Similarly, the experimental test cases are identified according to their shock generator

thickness tSG and their inviscid shock impingement point normalized by the plate length, x1/a. Cavity pressure was

approximately constant during a run and was found to vary in the range 0.28 ≤ Pc/P0,s ≤ 0.36 0.27 ≤ Pc/P0,s ≤ 0.35

across different test cases. The cavity pressure measured during each test is shown in the Supplemental materials.

A. Flow morphology

The flow morphology of an SBLI on a flexible panel is different from that on a flat surface, with plate curvature

introducing additional shocks and expansions. A typical schlieren image, obtained with the flexible assembly, is shown

in Fig. 4, and has been labeled with shock and flow structures that are common to all test cases.
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Mach waves

Incident shock

Expansion fan

Boundary layer

Separation

shock

Induced shock

Re-attachment 

shock

Front shock

Flow

Secondary SBLI

Triple point

SBLI triple point

Fig. 4 Schlieren image corresponding to the tSG = 11.3mm, x1/a = 0.87 test case, labeled with the main flow
structures

The presence of the deflected flexible panel results in the formation of a shock at the front of the bump, labeled as

the “front shock” in Fig. 4. This shock imposes an adverse pressure gradient but is not strong enough to cause boundary

layer separation. The front shock intersects the incident shock at a downstream position, giving rise to an additional

triple point, which is the intersection point itself. Moreover, a secondary, weaker SBLI can also be seen at the point

where the front shock is incident on the shock generator. The expansion that forms around the convex corner on the

lower side of the shock generator has also been labeled in Fig. 4, although this is barely visible due to the chosen

knife-edge configuration.

The thickness of a shock wave should be of the same order as the molecule’s mean free path [32]. The apparent

thickness of the shocks in Fig. 4 is attributed to variations in flow conditions across the span of the tunnel, including the

sidewall boundary layers.

1. Effect of changing shock impingement point

As the shock generator is moved downstream, some changes in the flow structures can be observed. These are

illustrated in Fig. 5, which shows a comparison of schlieren images taken with different streamwise shock positions.

(a) x1/a = 0.34 (b) x1/a = 0.57 (c) x1/a = 0.72 (d) x1/a = 1.01

Fig. 5 Schlieren images obtained at four shock generator streamwise positions, with a constant tSG = 11.3mm
shock generator. Only a portion of the images is shown. Scales in mm.
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When the shock impinges near the leading edge of the flexible panel, a large separation bubble with a high upstream

influence develops, as shown in Fig. 5(a). The front shock associated with concave curvature at the front of the panel

and the SBLI separation shock coalesce into a single, strong shock. As the shock generator is moved downstream, the

front and separation shocks split, and an independent (smaller) SBLI becomes visible; however, the front shock and

the SBLI’s induced shock still coalesce further downstream, as shown in 5(b). This phenomenon had been previously

observed by Tan et al. [6], who referred to the resulting structure as a “tilted λ-shock”. When the shock impingement

point is moved further downstream, this shock coalescence is no longer observed, as seen in 5(c) and 5(d). If the shock

impinges far downstream, as in 5(d), a large SBLI with a high upstream influence is observed.

2. Effect of changing shock generator thickness

The distance between the shock and the shock generator’s expansion fan depends on the shock generator thickness,

with thinner shock generators leading to smaller SBLI–expansion distances. The effect of varying the shock generator

thickness on the flow structures, whilst maintaining the same shock generator streamwise position, is shown in Fig. 6.

(a) tSG = 8.0mm (b) tSG = 9.5mm (c) tSG = 11.3mm

Fig. 6 Schlieren images obtained with shock generators of different thicknesses at the same streamwise position
x1/a = 0.42

Fig.Figure 6 shows that, as the expansion fan is moved further away from the SBLI, the size of the SBLI increases.

This is consistent with the results of previous experiments on a flat surface by Grossman & Bruce [17]. The vertical

position of the SBLI’s triple point is also found to increase with increasing SBLI–expansion distance. These changes in

SBLI structure are related to changes in shock-induced separation, as will be explored in Sec. IV.D.

3. Interaction lengths

In addition to providing means to visualise flow structures, the schlieren images can also be used to estimate the

interaction length Lint , which is the upstream distance across which the shock pressure rise is smeared. In this study, the

interaction length has been measured as shown in Fig. 7(a). The pixel measurement method introduces uncertainty in

the interaction length measurements. This has been estimated from the schlieren images to be approximately ±1mm.
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Additional errors are caused by non-negligible shock thicknesses and optical distortion within the boundary layer;

however, these have not been quantified.

Lint

Incident shock

Separation shock Rear leg

(a) Definition

0.2 0.4 0.6 0.8 1

0.05

0.1

0.15

0.2

0.25

(b) Interaction length plot

Fig. 7 (a) Interaction length definition, and (b) measured interaction lengths against normalised inviscid shock
impingement point.

The measured interaction lengths are plotted against the inviscid shock impingement point in Fig. 7(b). The same

trend is observed for all shock generator thicknesses: as the shock impingement point moves downstream, the interaction

length decreases until it reaches a minimum when the shock impinges on the downstream half of the plate, before

increasing again when the shock impinges near the trailing edge. Since the interaction length is related to the size of

the separation bubble, the results in Fig. 7(b) suggest that smaller separation regions could be obtained if the shock

impinges on the middle region of the bump. Moreover, a reduction in the upstream influence is consistently observed

when the shock generator thickness is decreased.

B. Static pressure distributions

Static pressure distributions were measured using 17 static pressure tappings placed along the centerline of the

flexible plate and of the upstream mounting block. Pressure data has been time-averaged over a period of 5 s.

1. Effect of shock impingement point

The static pressure distributions obtained with the tSG = 9.5 mm shock generator are shown in Fig. 8 and have been

normalized by the settling chamber stagnation pressure P0,s. The pressure distributions obtained with the remaining

shock generators share the main trends in Fig. 8.
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Fig. 8 Normalized static pressure distributions along the plate’s centerline at varying shock impingement
points, corresponding to the tSG = 9.5mm test cases.

Upstream of the flexible plate, all pressure distributions lie close to the isentropic pressure ratio at M∞ = 2, which is

shown as a black dashed line in Fig. 8.

A critical factor affecting the pressure distributions is surface curvature, d2w/dx2, which in a supersonic flow

is related to the pressure gradient. In the downstream direction, pressure initially varies due to the curvature of the

flexible plate plate bending, followed by a large pressure rise as a result of the impinging shock. The initial pressure

rise due to plate curvature bending can be seen to varying extents in all shock streamwise positions x1, but it is more

noticeable when the shock impinges near the trailing edge of the plate. The point of maximum pressure solely due to

plate deformation does not correspond to the bump’s peak; instead, maximum static pressure (ignoring the shock) is

reached when plate curvature as seen by the flow changes sign from concave to convex.

The SBLI pressure rise occurs upstream of the ideal inviscid shock impingement point, as a result of the shock

smearing due to the interaction. After the initial sharp SBLI pressure rise, pressure continues to increase until it reaches

a maximum and then decreases. This decrease in static pressure (a favourable pressure gradient) occurs because of two

factors: the shock generator expansion and the negative plate curvature. The flow would be expected to re-attach in this

region of favourable pressure gradient; hence, the distance between the pressure rise due to the shock and the pressure

peak may be taken as a crude indicator of the separation length.

Previous investigations on the effect of the shock streamwise positions by Tan et al. [6] hypothesized the existence of

a streamwise shock impingement point that would result in maximum static pressure on the plate. Furthermore, they

also suggested that this would translate into improved downstream total pressure recovery due to shock weakening

upstream of the SBLI. As seen in Fig. 8, this maximum static pressure indeed exists. For the tSG = 9.5 mm shock

generator, it corresponds to the x1/a = 0.34 case, although this changes in the range 0.34 ≤ x1/a ≤ 0.57 when other

shock generators are used. This maximum in the static pressure distributions occurs when the shock impinges on the
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bump near the point of zero plate curvature, i.e. where there is a peak in pressure rise due to the bump shape alone. As a

result, the flow undergoes a continuous compression due firstly to the bump, and subsequently the SBLI. When the shock

is further downstream, re-expansion due to negative plate curvature reduces the maximum post-shock static pressure.

2. Effect of SBLI–expansion distance

When the expansion is moved closer to the SBLI, some changes in the static pressure distributions are anticipated

since the expansion imposes a favourable pressure gradient. The effect of changing the shock generator thickness on the

static pressures is shown in Fig. 9. Four subfigures are included, corresponding to different shock streamwise positions.
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(a) x1/a = 0.27
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(b) x1/a = 0.42
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(c) x1/a = 0.72
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(d) x1/a = 1.01

Fig. 9 Normalized static pressure distributions along the plate’s centerline for changing shock generator
thicknesses at four shock impingement points. Error bars represent one standard deviation.

Firstly, an increase in the SBLI strength is seen as the expansion is moved away from the shock, as shown by

the greater post-shock static pressures. In addition, the SBLI pressure rise occurs further upstream as tSG increases,

implying greater interaction lengths. A similar trend had been previously observed by Grossman & Bruce [17] on

flat surfaces. Overall, these increases in pressure and upstream influence with shock generator thickness are in line

with the observations in Fig. 6, where larger interaction lengths were seen in the schlieren images with increasing

SBLI–expansion distance. Upstream of the SBLI pressure rise, the pressure distributions are almost identical for all

three shock generator thicknesses, suggesting that these pressure differences only result in marginally different plate
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profiles.

C. Plate deformations

Using photogrammetry, the three-dimensional plate deformations have been extracted at the locations of the

photogrammetry targets. Plate deformations were found to be steady once the starting shock was swallowed, and no

vibrations were recorded. A sample 3D plate profile is shown in Fig. 10, where the detected positions of the coded

targets are indicated with blue markers.

(a) Wind-off (b) Wind-on

Fig. 10 Sample three-dimensional plate profiles, corresponding to the tSG = 11.3mm, x1/a = 0.72 test case.
Deformations are interpolated with thin-plate smoothing splines.

Some three-dimensionality in the initial bump profile can be seen in Fig. 10(a); however, the maximum deformations

are of the order of 0.5mm, and are small compared to the wind-on deflections. These static deformations are caused by

small stresses introduced by the mounting procedure. The wind-on profile in Fig. 10(b) is approximately two-dimensional,

showing only small spanwise variations. Because of this, only the spanwise-averaged deformations will be considered

in subsequent sections. Nevertheless, the profile in Fig. 10(b) does exhibit some degree of three-dimensionality, with

slightly higher deflections near the two free ends of the plate.

The changes in static pressure due to different shock impingement points affect plate deformations. The spanwise-

averaged plate profiles corresponding to the tSG = 8.0 mm and tSG = 9.5 mm test cases are shown in Fig. 11.
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(b) tSG = 9.5mm

Fig. 11 Spanwise-averaged plate deformations for varying shock impingement position, interpolated with
thin-plate interpolation splines. Markers indicate the streamwise locations of the photogrammetry targets.

Plate profiles are found to change significantly with shock position. Fig. 11 shows that there is a minimum in

maximum plate deflection for x1/a = 0.42, while this increases for shock locations upstream and downstream of this

position. Plate deflections depend on the pressure difference between the freestream and the cavity; hence, the trend in

Fig. 11 is consistent with the static pressure distributions in Fig. 8.

D. Oil flow visualisation

Surface oil flow visualisation has been used to observe the topology of the separation region by injecting oil into

the boundary layer at two spanwise stations. Some representative oil flow frames are shown in Fig. 12 for different

streamwise shock impingement positions. In order to aid visualisation, the contrast in these images has been modified

via histogram equalisation and streaklines have been added. All figures have been marked with the streamwise and

spanwise extents of the separation regions.

15

Page 43 of 58

Submitted to AIAA Journal. Confidential - Do not distribute.

AIAA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

(a) x1/a = 0.27 (b) x1/a = 0.42 (c) x1/a = 0.57 (d) x1/a = 0.72

Fig. 12 Oil flow visualisation images for varying shock impingement point, with a constant tSG = 8.0mm.
Streakline schematics are superimposed.

All the images in Fig. 12 display a similar trend: most of the oil is concentrated in two distinct separation cells,

connected via a thinner region of cross-flow. This is, however, expected as the oil is injected at two spanwise locations.

When the shock impinges near the front of the bump, such as in Fig. 12(a), a large separation bubble is formed.The

flowfield in Fig. 12(a) should be interpreted with some caution relative to the other test cases since the oil was injected

directly into the separation bubble and the impact of this on the separation region is unknown.

The separation bubble in Fig. 12(a) is large, with a length Lsep = 35 ± 4mm in the streamwise direction and a width

of 115mm. As the shock impingement is changed from x1/a = 0.27 to 0.42 in Fig. 12(b), the length of the separation

region is approximately halved, with the bubble having Lsep = 18 ± 3mm and a width of 111mm. When the shock

moves further downstream, both the length and width of the separation bubble increase slightly. This suggests the

existence of a streamwise shock position that results in a separation bubble of minimum size.

Figure 13 shows the effects of changing the shock generator thickness on the topology of the separation region. As

the expansion is moved away from the SBLI, the separation length increases. This growth of the separation region occurs

via an increase in the SBLI’s upstream influence, as the re-attachment point remains approximately the same in all three

cases. Both the increase in size of the separation bubble and the invariance in the re-attachment point with increasing

SBLI–expansion distances are consistent with the observations of Grossman & Bruce [17] for SBLIs on flat surfaces.
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(a) tSG = 8.0mm (b) tSG = 9.5mm (c) tSG = 11.3mm

Fig. 13 Oil flow visualisation images for different SBLI–expansion distances, at a constant x1/a = 0.57

The separation and re-attachment streamwise locations, xs and xr respectively, are tabulated in Table 1 as measured

from the oil flow images. These were measured along the streamlines emanating from the oil injection ports, where oil

density is greatest. The separation length , defined as Lsep = xr − xs , is also included. (defined as Lsep = xr − xs) and

the ratio of the interaction length (as shown in Fig. 7) to the separation length are also included.

Table 1 List of separation and re-attachment points, as measured in the oil flow images.

tSG (mm) x1/a xs (mm) xr (mm) Lsep (mm) Lint/Lsep

8.0

0.27 −8 ± 2 26 ± 2 34 ± 4 0.70 ± 0.08

0.42 40 ± 2 58 ± 1 18 ± 3 1.0 ± 0.2

0.57 57 ± 1 77 ± 2 20 ± 3 0.7 ± 0.1

0.72 83 ± 1 104 ± 1 21 ± 2 0.69 ± 0.06

9.5 0.57 57 ± 1 81 ± 1 24 ± 2 0.67 ± 0.06

11.3 0.57 50 ± 2 77 ± 2 27 ± 4 0.7 ± 0.1
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E. Numerical simulations

In order to explore the effects of the flexible plate on the downstream total pressure recovery, all the experimental

test cases have been reproduced in two-dimensional steady simulations. In these, the experimental spanwise-averaged

plate profiles were imposed as solid boundaries. The simplified 2D simulations do not capture some important SBLI

effects, such as flow unsteadiness, flow bleeding/injection due to the cavity, and the effect of the sidewall boundary

layers. Due to the various assumptions and simplifications made in these these simplifications, some differences between

the experimental and simulated flowfields are anticipated. The experimental and numerical results are compared in

Sections IV.E.1-3. The calculated stagnation pressure profiles, for which no experimental validation was available, are

presented in Section IV.E.4.

1. Flow structures

In order to visualise the computational flowfield, the spatial distribution of some scalar quantity may be considered.

Fig. 14 compares a representative Mach number field obtained with the numerical simulations to its corresponding

experimental schlieren image.

(a) Mach number, CFD (b) Schlieren, experimental

Fig. 14 Comparison of the Mach number field obtained with CFD and an experimental schlieren image, both
corresponding to the tSG = 11.3mm, x1/a = 0.57 test case. The schlieren image in (b) corresponds to the region
inside the dashed rectangle in (a).

Figures 14(a) and (b) both show similar flow structures. As shown in 14(a), the numerical simulation predicts

the coalescence of the front and induced shocks observed in experiments; however, these shocks intersect further

downstream than in 14(b). This is in part due to differences in the induced shock angle, which is visibly shallower in

14(a) than in 14(b). Examining the SBLI itself, the numerical simulations predict a region of supersonic flow outside

the separation bubble, as well as a clear SBLI rear leg. In contrast, the schlieren image shows that the flow downstream

of the separation shock is highly unsteady, with a barely visible rear leg.
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2. Static and Pitot pressure validation

Figure 15 compares the numerical static pressure distributions along the wind tunnel’s surface to the experimental

ones. In simulations, static pressures in the range −0.73 ≤ x/a ≤ 1.33 are available, but only a part of these are shown

in order to ease comparison with the experiments.
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(b) x1/a = 0.42
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(d) x1/a = 1.01

Fig. 15 Comparison of the normalized static pressure distributions, obtained with the tSG = 9.5mm shock
generator. Error bars represent one standard deviation.

Upstream of the shock, the experimental and CFD pressure profiles agree well. The pressure rises due to plate

curvature in Figs. 15(b-d) are very similar in experiments and CFD, with the pressure peak being approximately at

the same streamwise location. Nevertheless, the numerical simulations slightly underestimate the pressure magnitude,

potentially due to slightly inaccurate interpolated plate curvature, or the inability of the CFD simulations to accurately

capture the boundary layer development.

A greater discrepancy between experiments and CFD can be seen after the shock impingement, with numerical

simulations consistently underpredicting the magnitude (and hence the strength) of the SBLI pressure rise. Since

the SBLI upstream influences are similar in experiments and simulations, this suggests that the CFD simulations are

underestimating the outer flow deflection due to the separation bubble. These discrepancies between the experimental

and RANS pressure distributions in the SBLI region had been observed in previous studies. As noted by Benek [33], the
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computed SBLI pressure rises in RANS simulations relax towards zero pressure gradient faster than in experiments.

All CFD simulations predict a two-step pressure rise due to the SBLI. This has also been observed in other numerical

and experimental studies [4, 17]. Nevertheless, this two-step rise is not seen in the experimental pressure distributions.

This can be partially attributed to the low spatial resolution of the experimental pressure measurements, which does not

allow the complete reconstruction of the SBLI pressure rise. A better agreement between the CFD simulations and

the experiments can be seen in the region downstream of the pressure peak (with a favourable pressure gradient) in

Figs. 15(a) and (b).

A sensitivity study was conducted to explore the effects of changing the inlet boundary layer thickness (in the range

4 ≤ δ ≤ 8mm) on the pressure distributions. A slight increase on the upstream influence, and a reduction in the pressure

rise, were observed as the boundary layer thickness was increased. However, these changes are small compared to the

discrepancies with experiments seen in Fig. 15.

The Rayleigh-Pitot equation, given by Eq. (8.80) in Anderson [32], has been used to calculate the numerical Pitot

pressure at a station x = 180mm, which is the location of the Pitot rake in experiments. Figure 16 compares the

experimental and numerical Pitot pressures at four different shock impingement locations.
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Fig. 16 Comparison of the normalized Pitot pressures recorded at x = 180mm from experiments and nu-
merical simulations, obtained with the tSG = 9.5mm shock generator. Error bars represent one standard
deviation.
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In general, the experimental and numerical Pitot pressure distributions show a good agreement. For example, the

numerical simulation in Fig. 16(d) correctly predicts the experimental Pitot pressure profile including the effects of

the induced shock, which is responsible for the sudden decrease in the uppermost experimental Pitot measurement.

However, CFD slightly underestimates the magnitude of the Pitot pressures in 16(d). The agreement between CFD and

experiments is worse in 16(b) and (c). In 16(b), the experimental data displays some unsteadiness, shown by the large

error bars, and this is not captured by the steady simulations.

Observing the boundary layer profile, for which only the data points at y = 3mm and y = 8mm are available in

experiments, it can be seen that CFD simulations accurately capture the first experimental data point in all four cases, but

consistently overpredict the Pitot pressure of the second one, at y = 8mm. This in principle suggests that the post-SBLI

experimental boundary layer is thicker than the numerical one; nevertheless, these differences could also be caused by

slight inaccuracies in the vertical position of the Pitot probes.

3. Separation

A key factor in characterising an SBLI is the separation length. In simulations, the separation (xs) and re-attachment

points (xr ) were inferred from the region where cf < 0. A sample skin-friction plot was shown in Fig. 3. Once these

points were known, the separation length was calculated and the results are shown in Fig. 17. Moreover, a set of baseline

(reference) values, calculated on a flat surface with different shock generator thicknesses and a shock impinging at

x1/a = 0.57, have been added as horizontal lines.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
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Flat, tSG = 8.0 mm

Flat, tSG = 9.5 mm

Flat, tSG = 11.3 mm

Fig. 17 Variation in separation length with shock impingement position.

Figure 17 shows that, if the shock impinges on the middle region of the bump (0.34 ≤ x1/a ≤ 0.87), reductions

of the order of 40% in the separation length can be achieved with respect to the flat surface case. This is true for all

shock generator thicknesses considered. To validate these predictions, the experimental results obtained with oil flow

visualisation are shown superimposed, and these agree well with the CFD values. If the shock impinges too far upstream
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or downstream, performance degrades and separation lengths up to 45% larger than in the flat surface case are observed.

Grossman & Bruce [17] reported that increasing the shock generator thickness resulted in increased separation

lengths on a flat surface. As shown in Fig. 17, this is also true when the shock impinges on a deflected surface.

Furthermore, even though the flat surface separation lengths have been plotted as horizontal lines (independent of

the shock impingement position), in reality, the separation length would be expected to increase slightly as the shock

impinges further downstream due to boundary layer thickening.

4. Stagnation pressure

Figure 18 shows the downstream stagnation pressure profiles obtained with the tSG = 9.5 mm shock generator, as

predicted by simulations. All stagnation pressures have been calculated at x = 180mm, as this was the location of the

Pitot rake in the experiments.

0.94 0.95 0.96 0.97 0.98 0.99

0

10

20

30

40

50

60

Fig. 18 Stagnation pressure profiles at x = 180mm for varying shock impingement locations. Only values
outside the boundary layer are shown.

Considering first the flow outside the boundary layer (y > 10 mm), it can be seen that the x1/a = 0.34 and

x1/a = 0.42 shock positions provide the greatest stagnation pressure recovery, at least in the 10 ≤ y ≤ 45mm region.

These are the shock impingement locations that also resulted in the highest peak static pressures in Fig. 8. Nevertheless,

these two test cases show a sudden decrease in stagnation pressure for y > 45mm, and this is caused by the coalescence

between the front and induced shocks, as seen in Fig. 5(b).

In order to quantify the effects of the flexible plate on total pressure recovery, a recovery coefficient crec has been

considered. This represents a mass-weighted average of the downstream total pressure, and is defined as

crec =

∫ yend

0 ρu P0
P0,s

dy∫ yend

0 ρu dy
(1)

22

Page 50 of 58

Submitted to AIAA Journal. Confidential - Do not distribute.

AIAA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

where yend is the upper integration limit. Figure 19 shows the calculated recovery coefficient with the three shock

generator thicknesses at varying x1. An upper limit yend = 53mm has been used, as this is the height of the uppermost

Pitot probe sampled. In addition, the results obtained on a flat surface with a shock impinging at x1/a = 0.57 have been

included as horizontal lines with no markers, ignoring the effects of boundary layer thickening when x1/a increases.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

0.92

0.93

0.94

Flat, tSG = 11.3 mm

Flat, tSG = 9.5 mm

Flat, tSG = 8.0 mm

Fig. 19 Mass-weighted stagnation recovery coefficient against shock position.

Improvements in the stagnation pressure recovery are observed with respect to the flat surface case when the shock

impinges in the range 0.42 ≤ x1/a ≤ 1.01, with maximum recovery occurring when the shock lies on the central region

of the flexible plate (0.57 ≤ x1/a ≤ 0.72). Reductions between 8% and 10% in the mass-averaged losses are found if

this is the case, and this is true for all the SBLI–expansion distances considered.

Examination of the stagnation pressure profiles in Fig. 18 shows that stagnation pressure losses are not dominated

by losses in the outer flow, where shock structures play a major role, and rather by dissipation within the boundary

layer. Hence, the test cases with thinner boundary layers also provide greater recovery coefficients. In fact, comparison

of Figs. 17 and 19 reveals a clear correlation, as the test cases with smaller separation bubbles also provide higher

downstream stagnation pressure recovery. It is hypothesized that this is due to reduced viscous dissipation in the

separation region.

In order to examine the effects of changing the integration limit yend, a sensitivity study was conducted. This

confirmed that the bump can provide improved stagnation pressure recovery irrespective of the integration limits used.

F. Synthesis

The experimental static pressure distributions along the centerline of the plate in Fig. 8 have shown that there exists

a shock impingement location that results in maximum pressure on the plate. Tan et al. [6] hypothesized the existence

of this optimum point and suggested that it could result in improved stagnation pressure downstream of the bump.

Numerical simulations show that this is indeed the case, at least outside the boundary layer, as illustrated in Fig. 18.

Moreover, examining the schlieren and oil flow images for varying shock streamwise impingement positions (Figs. 5
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and 12), it was noticed that a shock impinging near the front or rear of the flexible plate caused large separation bubbles

and SBLI upstream influences. On the contrary, a shock impinging on some location around the mid-chord of the

flexible plate resulted in a separation bubble of minimum length. These observations are further supported by the

numerical results in Fig. 17, where this minimum separation length was not only observed, but it was also significantly

lower than if the bump were not present. When examining the numerical recovery coefficient in Fig. 19, it was found

that, if the shock impinges on the middle of the bump, the flexible surface also provides improved stagnation pressure

as compared to the flat surface case. This is due to a combination of reduced separation length (resulting in thinner

boundary layers) and more efficient compression of the outer flow.

Fig.Figure 20 compares the observed flow structures at three different shock impinging positions. If the shock

impinges too far upstream, as in Fig. 20(a), or too far downstream, as in 20(c), the large separation bubbles and inefficient

flow compression limit the attainable total pressure recovery. The configuration in 20(b) with a shock at the mid-chord

provides maximum stagnation pressure recovery. Most importantly, improvements with respect to the flat surface case

are found for a range of shock impingement positions: 0.42 ≤ x1/a ≤ 1.01. This suggests that the bump could remain

beneficial even for varying flow conditions.

Coalesced shock

M∞ > 1
Separation

bubble

Compression

(a) Front impingement

Front shock

Coalescence

M∞ > 1

Expansion

(b) Middle impingement

M∞ > 1
Expansion

(c) Rear impingement

Fig. 20 Schematic diagrams of SBLIs on a flexible surface at different shock impingement locations. The
optimum position for maximum stagnation pressure recovery is shown in (b).

Furthermore, testing with different shock generator thicknesses has shown that these trends of (1) greater static

pressure loads, (2) reduced separation length, and (3) improved stagnation recovery if the shock impinges at the

mid-chord of the bump are also applicable when the SBLI–expansion distance increases. This highlights the potential

application of flexible surfaces for SBLI control in supersonic inlets, where no expansion exists downstream of the

shock.

V. Conclusions
This study investigated oblique shock–boundary layer interactions on a flexible panel in an M∞ = 2 flow. A

parametric study was conducted in the Imperial College supersonic wind tunnel, in which the effects of varying the shock

impingement position and the SBLI–expansion distance were explored. In addition, two-dimensional steady simulations

were used to study the effectiveness of the bump in improving downstream total pressure recovery. The computational
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results were validated against static and Pitot pressure experimental measurements. Numerical simulations accurately

predict the main trends in the static and Pitot pressure profiles, although they consistently underpredict the SBLI pressure

rise.

By moving the shock generator in the streamwise direction, inviscid shock impingement positions in the range

0.27 ≤ x1/a ≤ 1.01 have been tested. The static pressure distributions, measured along the centerline of the flexible

surface, have shown that maximum static pressure is achieved when the shock impinges on the region 0.34 ≤ x1/a ≤ 0.57,

with the exact location varying depending on the shock generator thickness. This maximum exists because of the

combined flow compression due to plate curvature and the SBLI, before any flow re-acceleration.

Oil flow visualization was used to measure the separation length. Numerical simulations, which agree well with the

experimental values, show reductions of the order of 40 % in the separation length with respect to the flat surface case if

the shock impinges on the flexible plate in the range 0.34 ≤ x1/a ≤ 0.87. When the SBLI lies outside this range, a

degradation in performance is observed, resulting in separation lengths up to 45% larger than if the flexible surface

were not used.

Using numerical simulations, improvements in downstream stagnation pressure recovery with respect to the flat

surface case are also found for shock positions in the range 0.42 ≤ x1/a ≤ 1.01. In particular, CFD results show that

the mass-averaged stagnation pressure losses can be reduced by between 8% and 10% if a flexible surface is used.

The effects of changing the SBLI–expansion were explored by varying the shock generator thickness between

tSG = 11.3 and 8.0mm, while maintaining a constant tunnel aspect ratio A = 1.25. Experimental results show

reductions in the static pressure rise when the expansion is moved closer to the SBLI, implying a weakening of the

interaction. Similarly, decreasing the SBLI–expansion distance also results in a reduction in the SBLI upstream influence,

as shown by schlieren images and static pressure distributions. Both oil flow and computational results show that this

decrease in the upstream influence is associated with a reduction in size of the separation bubble. Furthermore, the

improvements in separation length and total pressure recovery when the shock impinges on the middle of the bump were

found to occur for all the shock generator thicknesses used in the simulations.

Further research is desirable to confirm whether the beneficial performance of flexible surfaces for oblique shock

control holds across a wider range of shock angles and Mach numbers. Such tests would be necessary to verify the

considerable potential of flexible surfaces as a passive and mechanically-simple form of shock control in next-generation

supersonic inlets.
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Oblique shock control with steady flexible panels

Supplemental materials

1 Plate design

The plate assembly contains a thin panel of
length a = 150 mm, width 149 mm, and thickness
h = 0.6 mm. The assembly also includes two thicker
structural supports to which the plate is attached.
These supports are bolted to the bottom of the wind
tunnel at four points each. Two holes were drilled
into the downstream support to accommodate
a rake of Pitot probes and their corresponding
connections. The two longitudinal ends of the
flexible plate are clamped to the supports, while
the two sides are free. The entire assembly is
made of aluminum alloy Al 7075-T6. A schematic
diagram of the plate assembly is shown in Figure 1.
The figure shows that two bars are attached to
the flexible portion of the plate, and these are
actuator supports that have been used in previous
experiments. However, the plate was not actuated
in this study.

308

149

Holes for 

oil flow visualisation

Static pressure tappings

Holes for 

Pitot rake

(a) Top

0.6

308

11840

Actuator supports

(b) Front

Figure 1: Schematic diagram of the plate assembly.
Dimensions in mm.

2 Cavity pressure
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Figure 2: Normalized cavity pressure recorded
during each test case. Error bars represent one
standard deviation.
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Figure 3: Time history of the cavity pressure
during the tSG = 8.0 mm runs

Since the pressure difference between the flow and
the cavity is the main driver of plate deformations,
pressure in the cavity was recorded. The average
cavity pressure measured in each experiment is
shown in Figure 2. In order to ease comparison
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with Figs. 8 and 9 in the text, the same y-scale is
used. The differences in cavity pressure when the
shock generator thickness is changed are attributed
to the different flow conditions in the test section, to
which the cavity is connected. These pressures were
recorded once the starting shock had been swallowed
and the tunnel was fully started.

The time history of the cavity pressure during
wind tunnel runs is shown in Figure 3 for the
tSG = 8.0 mm cases. The figure shows a region
of steady low pressure, when the tunnel was fully
started and pressure measurements were taken.

3 Integrated pressure loads

Panel deformations are driven by the pressure
difference between the upper and lower side of the
panel. The pressure loads shown in Fig. 8 in the
main text and Figure 2 in this document were
integrated in the streamwise direction using the
trapezoidal method to obtain the total pressure
force on the panel. The results are shown in
Figure 4, for (a) the upper pressure loading only,
and (b) the pressure difference between the cavity
and the flow, ∆P = Pc − P . The results in
Figure 4(b) show large dispersion for varying shock
position and shock generator thickness, as a result of
the sensitivity of cavity pressure to flow conditions.
The cavity pressure affects the static pressure on the
upper side of the panel via plate deformations. The
results show that the relatively large dispersion of
the data in Figure 4(b) is not reflected on the upper
surface pressure loading in Figure 4(a).

0.2 0.4 0.6 0.8 1 1.2

600

700

800

900

1000

1100

(a) Pressure on upper side only
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Figure 4: Integrated pressure force on the flexible
plate for each test case

2

Page 58 of 58

Submitted to AIAA Journal. Confidential - Do not distribute.

AIAA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


