Off-design performance of 2D adaptive shock control bumps
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Adaptive shock control bumps can exploit the on-design drag-reducing potential of 2D
bumps, while mitigating their off-design performance deterioration through geometric mod-
ifications. In this study, experiments and simulations have been employed to investigate the
wave-drag reducing potential of (actuated and unconstrained) 2D adaptive shock control bumps
over a wide range of shock positions. Experiments were carried out in the Imperial College
supersonic wind tunnel, modelling the adaptive bump as a flexible surface placed beneath a
Mach 1.4 shock wave. 2D RANS CFD simulations of the flow in a parallel channel with a
solid bump complement experiments. Wave drag was demonstrated to be proportional to the
ratio of inlet to exit stagnation pressure in a blow-down wind tunnel for a given shock position.
The shock exhibits a hysteretic behaviour when travelling in the wind tunnel working section,
governed by the wave drag reducing potential of the bump. The actuated adaptive bump
tested reduces wave drag over a wider operational envelope than solid bumps as experiments
revealed the presence of three preferred structural configurations, which lead to a significantly
enlarged hysteresis region. Finally, tests on unconstrained bumps were shown to increase wave
drag, both on- and off-design, due to the unfavourable bump shapes that result from (only)
passive actuation, suggesting that some constraints are required to achieve desirable surface

deformations.

I. Introduction
Shock control bumps (SCBs) are a flow control mechanism with potential for application to improve the performance
of transonic aerofoils. Normal shock waves inevitably occur on the upper surface of the wings of modern transonic
aircraft, and their strength is expected to increase in the next decades due to the aspiration to raise cruise speed, and the
application of technologies such as low-sweep wings and natural laminar flow aerofoils. However, shock waves lead to
wave drag, and their low frequency unsteadiness is also a potential danger to airframe integrity. As Fig. [T]illustrates,
shock control bumps, placed in the vicinity of the shock wave, bifurcate the normal shock into a A-shape. A two-step

pressure rise is obtained, and improved pressure recovery is achieved, with the effect of reducing wave drag [1]]. The
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streamwise location of the oblique shock is fixed by the surface curvature at the front of the bump, and this has been

reported to have the additional beneficial effect of stabilising the shock [2].
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Fig.1 Shock structure and stagnation pressure recovery for a 2D shock control bump [3]].

The potential of shock control bumps on design is clear [3]]. However, the high sensitivity of SCB performance to
flow conditions (e.g. shock strength and position, upstream boundary layer and post-shock adverse pressure gradient),
and the consequent performance deterioration off-design are also well known [3]]. In fact, it has been shown that
variations in shock position of as little as 10% of the SCB length (approximately 2-4% of the wing chord) cause
significant changes to the nature of the flow, and, at certain operating points, a fixed geometry bump would lead to an
overall increase in drag [3].

Therefore, adaptive SCBs are an attractive option, as they can exploit the on-design drag saving capabilities of
2D bumps, while minimising any detrimental off-design behaviour by geometric modifications. The initial concept
of an adaptive SCB, shown in Fig. 2] was proposed in 1992 by Ashill ez al. [4], and was followed by studies of the
aerodynamic and structural behaviour of 2D and 3D adaptive bumps, with a focus on optimisation of the deformed
bump shape [5H8]] and actuation method [3, O]]. These studies demonstrated the potential of adaptive shock control
bumps as a flow control mechanism, but they did not explore the detailed aero-structural behaviour of the flexible bump.
Visbal [10]], and Pasquariello et al. [11]] presented results of simulations of a flexible plate subject to an oblique shock,
but little is known about the effect that small perturbations in flow conditions might have on shock stability.

Ogawa and Babinsky [[12] pointed out that any successful control mechanism introduces a shock instability problem
in wind tunnel testing, such that it is impossible to hold a shock structure in certain locations. They developed a new
setup including a shock holding plate for accurate and stable shock positioning [12]]. While this allows the detailed
study of the shock in an otherwise (unobtainable) unsteady region, the employment of a shock holding plate (which
artificially stabilises the shock) in previous studies meant that shock stability could not be assessed.

In this paper we explore the performance envelope of 2D adaptive shock control bumps. We focus on their impact on
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Fig. 2 Initial SCB concept, proposed by Ashill ez al. [4].

wave drag, and relate their drag-reducing potential to the presence of instability regions in the transient shock behaviour.
Experimental results are employed to assess the complex aero-structural behaviour of flexible bumps under the effect of
the varying pressure loading imposed by the shock. Detailed investigation is aided by accurate measurement of the
bump deformation using point-tracking photogrammetry. CFD simulations of rigid shock control bumps complement
experimental results in an effort to decouple aerodynamic and structural effects, and hence highlight the advantages of

adaptive over rigid structures.

I1. Experimental setup

Experiments were carried out in the Imperial College supersonic wind tunnel (Fig. [3): a blow down facility, with a
maximum run time of approximately 1 minute. The working fluid is air and the working section has a square cross
section with side 150 mm and length 727 mm. A convergent-divergent nozzle is used to generate uniform Mach 1.4 flow
in the test section, which is terminated by a normal shock around the streamwise position of the bump. The strength of
this shock is representative of that expected on the suction surface of a next generation transonic wing.

The tunnel is operated using a LabVIEW program, consisting of a proportional-integral-derivative (PID) controller,
which controls the pressure in the settling chamber by adjusting the aperture of a pneumatic pressure valve. The desired
stagnation pressure is typically obtained with a standard deviation of 0.16% [14]. The inherent low frequency stagnation
pressure oscillations (of the order of 1 Hz) are somewhat representative of the unsteady flow conditions encountered by
a real transonic wing.

Fig. fa]shows a side view of the 2D adaptive bump. It is modelled as a 1 mm-thick flexible plate, made of aluminium
alloy Al-7075-T6, and fixed to the wind tunnel floor such that the free portion is a square with length L = width
W = 150 mm. The bump thickness is reduced slightly to 0.8 mm close to the leading edge (0 < x/L < 0.08) to increase
compliance in this region and allow increased deformations during runs. The ends are glued to solid blocks and the two

sides are unconstrained. The shape of the bump is altered between different experiments by two linear actuators, placed
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Fig. 4 Side view of the adaptive bump. The vertical scale has been enlarged for clarity.
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(b) Measured bump profile at z/L = 0.033, taken from photogrammetry (wind off).



at x; /L = 0.33 and xp/L = 0.81, and glued to spanwise strips to apply a uniform displacement across the width of the
plate. The first actuation point is fully fixed, while the second is free to rotate. When the actuators are deployed, the
bump assumes a loaded beam geometry, with no curvature at the two fixed ends. The location and type of the constraints
were chosen based on the results of FEA simulations. The experiments presented in this paper focus on the steady state
behaviour of the bump, i.e. the actuators are deployed for the whole length of the run. The transients associated with the
deployment and retraction of the bump are therefore not considered.

Fig. [4b|shows the measured bump profile at a spanwise location of z/L = 0.033, obtained from photogrammetry at
wind off conditions. The actuation heights are y; = 0.60%L (at x; /L = 0.33) and y, = 0.50%L (at y,/L = 0.81). The
bump crest is initially located at xc/L = 0.56 with height yc = 0.91%L. With respect to the displacement thickness of
the incoming boundary layer, this corresponds to yc/5* = 1.49. To assess the impact of the passive actuation associated
with the varying pressure loading, some experiments have been performed without the linear actuators (unconstrained
flexible plate). A solid flat plate is also tested to simulate the flow over a clean aerofoil.

Static pressure tappings, connected to 32 pressure transducers sampling at 100 Hz, are located along the nozzle and
the working section. A Z-type schlieren arrangement is utilised with a horizontal knife edge configuration. 2048 x 1400
pixel resolution images are recorded at a frame rate of 100 Hz and with an exposure time of 30 ys. Point-tracking
photogrammetry is employed to obtain accurate model deformation data during the experiments. As described in [15]]
and [16], four Phantom high-speed cameras are placed around the working section, and 80 coded targets, made of white
vinyl, are attached to the flexible plate to facilitate the generation of the 3D model using the commercial photogrammetry
software photoModeler by EOS Motion [[17]]. For this setup, the RMS error was calculated to be 30 um [16]], which can

be considered negligible for the experiments presented in this paper.

ITI. CFD simulations

In order to achieve a better understanding of how adaptive shock control bumps affect drag reduction, and decouple
the aerodynamic and structural phenomena taking place, experiments are complemented by 2D CFD simulations of the
flow over a rigid shock control bump.

As shown in Fig.[5] the computational domain chosen is a 2D parallel duct with dimensions 600 x 150 mm, with
the bump, of total length L = 150 mm, placed between x = 0 mm and x = 150 mm. The bump has a loaded beam
geometry, with y; = 1.1%L at x;/L = 0.25 and y, = 1.6%L at x/L = 0.5. This bump shape was chosen based on
previous experiments on adaptive bumps carried out at Imperial College [14]. The computational results presented in
the next Sections provide a methodology to estimate wave drag from experiments, and do not depend on the exact bump
shape. Therefore, this method can be applied to the experimental results presented in this paper, despite the slightly
different bump shape tested.

A Cartesian structured mesh is used, with mesh refinement added to the near wall region to better capture the
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Fig. 5 Computational domain for the CFD simulations (a coarser mesh is shown for clarity).
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Fig. 6 Mesh convergence study for the 2D parallel duct. The shock position (xs) is normalized by bump length

(L =150 mm).

boundary layer. Fig. [f] presents the results of a mesh convergence study for the clean 2D parallel duct (without a bump)

using shock position, defined as the point where M = 1, as the metric. The chosen mesh, labelled on Fig. @, has

8.1 x 10° cells, which ensures y* ~ 1 at the wall. All the results presented in this paper are obtained from

900 x 900

temporally (steady state is reached by time-marching CFD computations) and spatially converged simulations.

Simulations are performed using the rhoCentralFoam solver within OpenFOAM, which solves the conservative

form of density-based Reynolds Average Navier-Stokes equations through the finite volume method with Kurganov flux

scheme coupled with the van Leer flux limiter method [18]]. The system is closed using the one-equation Spalart-Allmaras

turbulence model [19]. The boundary conditions set in the simulations are the inlet and outlet static pressure, and the

inlet velocity profile. A seventh order power law is used for the turbulent boundary layer, and this gives a shape factor of

1.25 before the shock, which matches that in the wind tunnel [[13]]. The two solid walls are set to a no-slip condition.

IV. Results

All dimensions in this paper have been normalised by bump length (L = 150 mm), x, y and z are the streamwise,

streamwise distances are measured from the front of the flexible plate

vertical and spanwise coordinates respectively,

to the tunnel centerline.

0 corresponds

=0),and z =

(where x



A. Flow features

A typical schlieren image of the actuated flexible plate is shown in Fig. Labels indicate the location of the
main flow structures and features of the bump. In particular, the typical A-shock structure can be observed: the surface
curvature at the front of the bump generates an oblique shock (front leg), which intersects the normal shock and the rear
leg at the triple point. Another bifurcation (secondary lambda) can be seen close to the surface, where the rear leg
interacts with the boundary layer. An additional weak normal shock extends between the rear leg and the top of the
tunnel, to maintain flow uniformity in the working section. Fig.[/b|shows the corresponding numerical schlieren image
for a solid bump with the same shock position and plate shape as the adaptive bump in Fig. The black circle in
Fig.[/blmarks the field of view from schlieren photography. The main shock structures, labelled on Fig. can also
be identified in Fig. The simplified nature of the simulations, which model a 2D section rather than the complex
3D wind tunnel structure, mean that some differences between Fig. [7a] and [7b] are inevitable. However, keeping these
differences in mind, results from simulations are used here to complement those from experiments, exploring and
quantifying additional features of shock control bump behaviour and performance.

Fig. [§| shows Mach number profiles on the adaptive bump (for x/L > 0) for several shock positions along the bump.
Fig.|8a|presents experimental results, plotted every 20 ms, and Fig. [8b|the Mach number distribution obtained from six
converged CFD simulations. It should be noted that the behaviour in Fig. [8a]for —0.92 < x/L < —0.14 can be attributed
to a lack of resolution: if some pressure tappings were placed in this region, smoother profiles (similar to those in
Fig. would be observed. In both plots, M was calculated from pressure ratios (P/Py) on the floor (either from
pressure tappings on the flexible bump or from computational results at y/L = 3 x 107> for the solid bump), assuming
that Pop = Pon, i.e. neglecting stagnation pressure losses due to the shocks, which leads to an inaccuracy of the order
of 1% in M estimation [[14]]. On design, when the rear leg impinges on the flexible surface close to the bump crest
(e.g. one of the red intermediate profiles), a two step pressure rise (or Mach number drop) can be observed. This A-shock
structure is known to be beneficial for wave drag reduction, as oblique shocks compress the flow more efficiently than
normal shocks [3]]. However, the well-known performance deterioration of shock control bumps off design can also be
seen in Fig.[§] For upstream shock positions (e.g. yellow profile), a normal shock occurs just upstream of the bump,
and the subsonic post-shock flow accelerates on the first half of the bump and decelerates on the second half, with
the possibility to develop an additional (weaker) shock. For downstream shock positions (e.g. brown profile), severe
supersonic reacceleration takes place, leading to a strong (and lossy) rear leg. Despite a lack of numerical profiles
for shock positions around the bump crest, the comparison between Fig. [8a] and [8b]indicates consistency between the
computational and experimental results presented, giving further confidence to the validity of CFD simulations.

The additional normal shock that can be observed in Fig. [/|appears when supersonic flow reacceleration leads to a
rear leg of the lambda of M =~ 1.3 or stronger. This threshold was calculated assuming that there are no discontinuities

in static pressure between the regions above and below the triple point, and is consistent with what observed from the
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(a) Annotated experimental schlieren for an adaptive bump [[14]].

(b) Numerical schlieren for a solid bump (the black circle marks the field of view from schlieren photography).

Fig.7 Comparison between experimental and numerical schlieren images.
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Fig. 8 Mach number profiles.

schlieren videos. The interaction of this shock with the upper surface of the wind tunnel inevitably leads to increased
viscous losses in the boundary layer. However, the shock is expected to be very weak in all the cases presented in this
paper because Fig. [§] shows that the strength of the rear leg never exceeds M = 1.4, so the additional pressure rise
required is small. The detrimental effect on the boundary layer can therefore be considered negligible for the purpose of
this study.

In addition, during experiments some interaction between the side wall boundary layer and the A-shock structure is
inevitable. However, consistency between the results presented in this paper for experiments and simulations (which

assume infinite span) suggests that this interaction does not affect the main trends.

B. Wave drag

1. Average shock position

To determine the range of shock positions over which the bumps have a beneficial effect, the average flow structure
above the bumps is studied and compared with a baseline (uncontrolled) case of a M = 1.4 normal shock above a solid
flat plate. The uncontrolled normal shock was found to exhibit considerable unsteadiness due to small oscillations in the
wind tunnel stagnation pressure. To characterise the behaviour of the flow above the bump, the evolution of the key
features of the lambda shape has been tracked during a run. Specifically: the streamwise location of the triple point
and the intersection between the rear leg of the A-shock and the flexible surface. As described in [[14], the triple point
position (x7p) is detected from schlieren images, while the location of the rear leg of the lambda shock (xgp) is defined

to be the point at which M = 1, according to the pressure readings on the bump. Throughout this paper, the shock
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Fig. 9 Plots of stagnation pressure ratio as a function of normalised shock position (bin size of A (xgr./L) = 0.03).

All measurements are from experiments.
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position is indicated by either triple point or rear leg position, based on which part of the A-shock is of interest. However,
it should be noted that the shock structure evolves above the bump such that an increase in xrp/L corresponds to an
increase in xgy /L.

Fig. [0 shows plots of stagnation pressure ratio (where P, is the tunnel exit pressure) against normalized shock
position for the adaptive bump and the baseline case of the solid flat plate, obtained from experiments. Statistical
binning of the instantaneous data is employed to calculate representative mean values. Fig.[0alcompares the actuated
bump with the solid flat plate only, while Fig. [Obincludes the unconstrained flexible plate profile as well. The chosen
bin size is A (xgr/L) = 0.03, and an average value is not calculated for bins with less than five elements.

Given that the wind tunnel exhausts to atmosphere (which fixes the stagnation pressure loss in the working section
for a given inlet Py) and that viscous losses in the supersonic boundary layer are greater than in the subsonic boundary
layer, in previous studies [[14] Py/P. has been regarded as an indication of the wave drag associated with the A-shock

structure: thus, for a given shock position, a lower Py/P, corresponds to lower wave drag. In Sec.[[V.B.2]and[[V.B.3]

CFD will be employed to back up this assumption, and hence obtain a reliable way to compare the wave drag associated

with several shock structures during wind tunnel experiments.

2. Stagnation pressure profiles

Stagnation pressure profiles downstream of the bump are useful to understand the impact of shock structure on
wave drag. A Pitot rake was designed and tested, but unfortunately the additional blockage introduced prevented the
wind tunnel from starting; simulations are therefore employed for this purpose. Fig[T0a] shows the variation of pressure
recovery coefficients (P out/Po,in) at a fixed distance (1.43L) downstream of the impingement point of the rear leg
on the floor for three representative shock structures, and the baseline case of the solid flat plate. The corresponding
numerical schlieren pictures are presented in Fig. Fig.[10a]indicates that, when the shock is just upstream
of the bump (xrp/L = 0), the overall losses are similar to the baseline case, hence this bump does not have a strong
influence on the post-shock flow. However, the other two A-shock structures show a significantly different Py profile. For
xtp/L = 0.38, the presence of a clear lambda means that the flow is compressed more efficiently by an oblique shock
(front leg) and a weak normal shock (rear leg) below the triple point (y/L < 0.6), with a pressure recovery coefficient
close to 1 outside the boundary layer. However, above the triple point, the Py, out/Poin profile follows the baseline, as a
single normal shock can still be seen in Fig. Finally, for xpp/L = 0.53, the rear leg impinges on the bump past
the crest, and expansion waves lead to supersonic reacceleration, increasing its strength, and leading to an additional
bifurcation (secondary lambda), with associated stagnation pressure drop. However, the more downstream location of
the triple point leads to a taller lambda, which can therefore affect a larger proportion of the flow, reducing the size of
the strong normal shock above the triple point. Fig.[I0a]also shows that the solid flat plate exhibits the lowest stagnation

pressure loss in the boundary layers, particularly the bottom one due to the detrimental effect that the bump inevitably
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Fig. 10 Exit stagnation pressure profiles for the solid bump (from simulations) for different shock positions and the
baseline case of the empty tunnel. The corresponding numerical schlieren images are shown on the right, where the

vertical black line indicates the sampling plane.

has on the post-shock boundary layer.

3. Loss coefficient
A mass-flow-weighted total pressure loss coefficient (¢) is employed in order to quantify the difference between the

cases presented in Fig.[T0a] It is defined as

1 ! Pyoy
¢=1—f/ S0 U d(y/L), (1)
i Jo Pojn
with
1
i = /0 p U d(y/L), @)

where p and U are the local flow density and velocity respectively. A lower loss coefficient indicates more stagnation

pressure recovery, hence reduced losses. Loss coefficients calculated 1.43L downstream of the rear leg for different
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Fig. 11 Simulation results for the bump and the solid flat plate.

shock positions along the bump and the solid flat plate are shown in Fig.[TTal where the letters indicate the corresponding
numerical schlieren images (Fig. [[ObI0¢e). As expected, the loss coefficient for the bump is the lowest for rear leg
positions around the bump crest (xg /L ~ 0.6), while it increases as the shock moves towards the two edges of the
bump. In particular, Fig. [[Ta|indicates that the bump leads to a wave drag reduction, compared with the baseline case of
a solid flat plate, for all the shock positions tested, except for xgr./L < 0.

Fig. shows a plot of Py/P. against xgr /L from simulations, analogous to Fig. [9] from experiments. It should be
noted that the computational results in Fig. have a lower stagnation pressure ratio compared with the experimental
profiles in Fig.[9] As mentioned in Sec. these differences are attributed to the simplified nature of the simulations,
which model a 2D wind tunnel section and use a turbulence model. Inevitably, this leads to small inaccuracies in the
modelling of the compressible boundary layer (especially its interaction with the shock) and of losses. Fig. shows
similar trends to Fig.[TTa] although the solid flat plate profile is slightly shifted upwards compared with the bump results.
In Section[[V.B.1] it was suggested that Py/P. was an indication of wave drag, and that the region of the plot below
the solid flat plate profile indicated a wave drag saving. The agreement between the two plots in Fig. [TT|supports this
method for assessing wave drag reduction from experiments. In addition, the upward shift of the solid flat plate profile
in the loss coefficient plot suggests that the comparison of the pressure ratio profiles obtained from experiments in a

blow down wind tunnel (Fig. [J) actually gives a conservative estimate of the wave drag reduction.

Considering the results in Fig. 0a] it can be concluded that the actuated bump reduces wave drag compared to the
baseline case, with a peak reduction around xgy. /L = 0.6, corresponding to the on-design case in Fig. 8] which decreases
towards either side of the bump due to the increased drag associated with subsonic and supersonic flow reacceleration,

as discussed in Sec.[[V.A] This is consistent with the trends observed in simulations, but a comparison between Fig. [Da]
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and[TTb|indicates that the wave drag reducing potential of adaptive bumps extends over a wider range of shock positions
than of solid bumps, and this will be discussed in Sec.

Conversely, the unconstrained flexible plate (Fig.[9b) was found to significantly increase wave drag compared to the
baseline case across the range of shock positions tested. This is caused by the unfavourable deformed shape that the
unconstrained bump assumes during a wind tunnel experiment, when subject to the pressure loading associated with the

shock structure, and will be discussed in more detail in Sec.

C. Transient shock behaviour
The transient shock behaviour during wind tunnel experiments with adaptive shock control bumps is explored from
two perspectives: aerodynamics and structural considerations. These two areas are tackled individually at first, and then

an explanation of their interdependence is presented.

1. Aerodynamic hysteresis

To isolate the aerodynamic effects taking place, Fig. [I2] presents Py /P, profiles obtained for a solid flat plate and a
rigid shock control bump from CFD simulations. Simulations revealed that the converged shock structure was influenced
by the initial conditions, in particular in which direction the shock had to travel for the simulation to converge. In
fact, a hysteresis loop can be identified in Fig.[T2} such that, for the same shock position, wave drag is higher for a
downstream-travelling shock (red profile) than for an upstream-travelling shock (blue profile). It should be noted that
all the points in Fig. [I2]correspond to (temporally and spatially) fully converged solutions, and the terms “upstream-"
and “downstream-travelling" purely refer to the position of the converged shock structure compared with the initial
condition. Two instability regions are present, and they are marked as dashed lines in Fig.[T2] It was not possible to
obtain a stable solution to the left of the instability region for an upstream-travelling shock, and this is attributed to the
size of the computational domain (which only extends to x/L = —1.2). However, far enough upstream of the bump, the
two branches are expected to converge.

From Fig. [12] the well known off-design performance penalty typical of solid shock control bumps can be observed:
the bump reduces wave drag for a range of shock positions (xgr./L = 0.3 —0.8), outside of which the uncontrolled shock
(black line) is more favourable. The drag increase off-design is experienced for shock positions both upstream and
downstream of the bump (xgr/L < 0 and xgy /L > 1), as its presence inevitably has an adverse impact on the boundary
layer.

Fig.[13ashows a schematic diagram illustrating the relationship between shock position and stagnation pressure ratio
for a rigid shock control bump such as that seen in Fig.[I2] The profile for the solid flat plate is plotted as a dotted line,
while the solid black line shows the expected shock stability curve for a drag-reducing shock control bump [[12]. The red

and blue lines show the paths that a shock is expected to follow as it moves along the bump, in response to an increase or
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Fig. 12 Plot showing the relationship between stagnation pressure ratio (Py/P.) and shock position (xgy /L) for the
solid flat plate (baseline) and a rigid shock control bump from simulations. The bump results are divided based on the

direction of motion of the shock, revealing a hysteretic behaviour.

reduction of Py/ P, respectively. Supposing that a shock structure is initially located at point A, an increase in tunnel
stagnation pressure would make it travel downstream on the bump, until it reaches point B, whereafter any further
increase in Py will make the shock jump to C, and then follow the black line until D. Conversely, as Py is reduced, the
shock would travel from D to E, after which any further decrease will make it jump to F and travel back to A. The shock
will be unstable between B-C and E-F, and a hysteresis region is present between points B, C, E and F, as shown.
Fig. [I3b]shows hypothetical shock stability curves for the solid flat plate and three arbitrary shock control bumps to
illustrate the relationship between the size of the hysteresis region, the location of the shock stability curve, and wave
drag. The size of the hysteresis region indicates the wave drag reduction achieved when the shock is on the bump. In
particular, the bigger the hysteresis region, the deeper the trough in the shock stability curve and the greater the drag
reduction, as shown by the comparison of curves @ and g in Fig. (a corresponding to a greater drag reduction).
Building upon the results presented in Sec. the vertical shift of the shock stability curve of the bump with respect to
the baseline indicates the drag penalty introduced off-design: the higher Py/Pe, the greater the drag increase off-design.
For example, curves a and y in Fig.[T3b/have the same shape, but 7 is shifted upwards, meaning that the off-design
performance deterioration due to the bump penalises the improvement on-design. In fact, a drag reduction with respect
to the solid flat plate can be observed over a more limited range of shock positions along the bump for y than for a.
Therefore, a successful shock control bump should be associated with a shock stability curve with low values of Py/Pe

off-design, and a large hysteresis region when the shock is above the bump, for example case @ in Figure[I3b]
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Fig. 13 Schematic plots illustrating the hysteresis mechanism for the correlation between shock position (xgr./L) and

stagnation pressure ratio (Py/P.) with the solid flat plate (baseline) and a rigid shock control bump.

While the trends presented in Fig. [T3]agree with the CFD results in Fig.[T2} they are not seen in the experimental
results in Fig. [0 This is because the experimental data were not conditionally sampled to take into account the direction
of motion of the shock, and hence Fig. 0] presents average profiles. It is highly promising that they show an “average”
decrease in Py/ P., but do not tell the whole story. In fact, this section has shown that the shape of the shock stability
curve can provide a more complete understanding of the drag reduction associated with the bumps. Hence, this concept

will be revisited in Sec.[[V.C.3] where the experimental results will be conditionally sampled.

2. Passive structural deformation

Photogrammetry results have been used to quantify the passive bump deformation caused by the changing pressure
loading as the A-shock structure moves along the bump. Profiles of the spanwise-averaged vertical displacement of
the flexible plate (¥) as a function of shock position were calculated at ten discrete streamwise positions, where the
coded targets were applied. From the lines of best fit through these points, average bump profiles over a range of shock
positions were reconstructed.

Fig.|14a|shows the variation of bump shape with shock location in the range —0.1 < xtp/L < 0.8 with a bin size
A (xtp/L) = 0.01. For upstream shock locations (xtp/L =~ 0) the bump assumes a loaded beam geometry, with zero
curvature at either end, as expected. For more downstream shock positions (0 < xpp/L < 0.4), the upstream half of the
bump was found to deform upwards into the flow with no change in crest height, such that the maximum slope at the

front of the bump increases by 15% for xtp/L = 0.4. As the shock moves further downstream, the bump becomes taller,
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with a maximum increase in crest height of 14% for xrp/L = 0.8. This has the effect of reducing the leading edge
curvature back to its value at xyp/L = 0.

The locations of the two actuation points (at x/L = 0.33 and 0.81) are marked with dotted black lines on Fig.
and the green profile corresponds to the wind off bump shape. Although the actuators were kept in the same position for
the whole duration of the run, Fig.[T4a]shows some evidence that the upstream one did move slightly during the course
of a test, with a maximum vertical displacement of A (y/L) = 8 x 1074,

A black and white version of the bump profiles is shown in Fig. [[4b] The concentration of curves at the top
and bottom of the region spanned by the profiles, indicates that, although the shock position increases gradually, the
bump shape appears to adopt a small number of preferred configurations. The close up view of the region between
0.1 < x/L < 0.2 (for 0 < xtp/L < 0.4 to avoid overlapping curves and hence improve clarity) shows that an additional
similar instability is observed in the upstream part of the bump. This suggests that, in fact, three preferred structural
configurations may exist, and these are plotted as three thick black lines in Fig.[T4a]

Fig. [T5] shows the corresponding spanwise-average bump profiles for the unconstrained flexible plate for
0 < xtp/L < 0.7 (although the colourmap in Fig. is for —0.1 < xrp/L < 0.8 for consistency). A compari-
son between Fig. [I4|and |15|shows that the unconstrained bump (Fig. exhibits larger deformations than the actuated
bump (Fig. during the course of a run. In fact, despite being shorter for the most upstream shock positions, the
unconstrained bump reaches a crest height of y./L = 0.0114 for the most downstream shocks (14% higher than the
actuated bump). Hence, the unconstrained bump possesses a greater leading edge curvature, and a corresponding greater
angle of the oblique shock (front leg) for most triple point positions. From Fig. [I5b]it can also be seen that the absence
of actuation points has removed any clustering of the lines, suggesting that the unconstrained bump does not have any
clear preferred structural configurations.

The red crosses in Fig.[T4b]and [I5b|mark the crest location for each bump shape and they show that, while it oscillates
around x./L = 0.56 for the actuated bump, it was found to vary between 0.37 < x./L < 0.47 for the unconstrained
bump. In particular, Fig. shows that, after keeping a relatively constant location up to xtp/L ~ 0.2, the crest first
moves upstream as the bump height increases due to the low pressure experienced on the upstream region, and only
starts moving back downstream for xtp/L > 0.35, as the extent of the supersonic region along the bump increases
downstream.

It is known that the detrimental off-design effects of shock control bumps are more severe the taller the bumps and
the more upstream the location of the crest [3]]. Hence, the fact that the unconstrained bump experienced the greatest

wave drag in Fig.[Ob]is consistent with the bump shapes shown in Fig.[T4]and[T5]

17



pr/L

0.01 0.8
0.008 - 11 106
0.006 - -

~ 0.4
~
IS
0.004 - -
0.2
0.002 - i
0
0 | | | |
0 0.2 0.4 0.6 0.8 1

x/L
(a) Colour plot, showing the three equilibrium bump shapes for x7 p /L = 0, 0.4, 0.8 and the wind off bump shape.
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(b) Black and white plot, suggesting the existence of three equilibrium positions. A close-up view of the region between
0.1 <x/L < 0.2, for 0 < xpp/L < 0.4, highlights the nature of the multiple preferred structural configurations in this region. The

red crosses mark the crest location for each bump shape.

Fig. 14 Plots showing the spanwise-average bump shape as a function of normalised shock position (xp/L) for the

actuated bump. The vertical dotted lines indicate the location of the two actuation points.
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Fig. 15 Plots showing the spanwise-average bump shape as a function of normalised shock position (xtp/L) for the

unconstrained flexible plate.
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Fig. 16 Plot of stagnation pressure ratio (Py/P.) as a function of normalised shock position (xgy /L) for the adaptive
bump and the baseline case of a solid flat plate (from experiments). Bin size: Axgy/L = 0.05, except for the bump
profiles for xgy /L > 0.6, where Axgy /L = 0.01 to capture hysteresis. Instantaneous results were conditionally sampled
to differentiate between downstream (red) and upstream (blue) travelling shocks. The gray lines represent the expected

shock stability lines for three solid bumps with slightly different shapes.

3. Aerostructural coupling

Fig.|16|shows plots of Py/P. against shock position for the solid flat plate and the adaptive bump from experiments.
Unlike in Fig.[9] the bump results have been conditionally sampled based on the direction of motion of the shock to
divide them into two subsets. Results were only considered for time intervals when the shock structure was seen to
move significantly in one direction (from synchronised schlieren videos), and the data within the time intervals was
conditionally sampled to remove the points associated with high frequency shock oscillations in the opposite direction.
Data from several wind tunnel runs were considered to yield a total of 2600 and 2011 points for downstream- (red crosses
in Fig.[I6) and upstream- (blue circles in Fig. [T6) travelling shocks respectively. Statistical binning was employed, with a
bin size of A (xgr/L) = 0.05, except for the region between 0.6 < xg, /L < 1 on the bump, where there was a sufficient
concentration of data to allow a smaller bin size of A (xgp/L) = 0.01 to be used. From Fig.[16|it should be noted that,
without conditional sampling, the crosses and circles collapse to give the gray diamonds shown in Fig[9b] as expected.

In Sec. [V.C.T] it was shown that one solid bump is associated with a shock stability curve (Fig. [[3a)), and in

Sec.[[V.C.2] that the adaptive bump switches between three preferred structural configurations as the A-shock structure
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Fig. 17 Plot of stagnation pressure ratio (Py/P.) as a function of normalised shock position (xgp/L) for the
unconstrained bump. Bin size: A (xgr./L) = 0.05. Instantaneous results were conditionally sampled to differentiate

between downstream (red) and upstream (blue) travelling shocks.

moves along the flexible surface due to small variations in tunnel stagnation pressure. Hence, it is reasonable to expect
three slightly different shock stability curves corresponding to the three preferred shapes. This concept is explored
in Fig. [I6] where we have fitted three gray lines. Their exact shape was obtained by inspection, considering the
distribution of the average experimental data, but each of them is consistent with the characteristic shape predicted in
the literature [12]].

The red and blue lines in Fig. [T6]indicate the path of the shock as stagnation pressure is increased or decreased,
following the same rationale explained in Section[I[V.C.1] The dashed portions correspond to the instability regions,
and three hysteresis loops (marked as 1, 2 and 3) can now be identified. The points of transition between the three
stability curves, shown with dotted vertical lines in Fig. are observed to occur around xg;. /L = 0.65 (note the blue
instability region for xgz /L = 0.6 — 0.65) and 0.85. This corresponds to xtp/L =~ 0.3 and 0.5, which is consistent with
the transitions between bump shapes observed in Fig.[T4a]

The presence of three overlapping stability curves leads to a significantly enlarged hysteresis region in comparison
to a single fixed bump shape. This suggests that actuated adaptive bumps may reduce wave drag for a wider operational
envelope than solid bumps (Sec. [[V.CI). In fact, Fig. [T6] shows that the area enclosed between the baseline and the
average adaptive bump profile is greater than the area between the baseline and each of the three individual gray stability
curves.

Fig.[T7] shows a plot of stagnation pressure ratio as a function of rear leg position for the unconstrained flexible
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plate, equivalent to Fig. [I6] for the actuated bump. The solid flat plate profile was not included to avoid a loss of
detail (a significantly increased range of pressure ratios would be needed, as shown in Fig.[Pb). Fig.[I7]shows that
the results are not strongly dependent on the direction of motion of the shock, with only a small hysteresis region
present for 0.6 < xg./L < 0.9. As mentioned in Section|[[V.C.1] this indicates that, not only is the performance of the
unconstrained flexible plate poor off-design, no significant improvement is experienced even when the A-shock structure
is on the bump.

Fig.[16]and [I7]show that the actuated and unconstrained bumps exhibit a very different behaviour when subject
to the variable pressure loading of a Mach 1.4 A-shock structure. Therefore, adaptability is a powerful tool to extend
the operational envelope of shock control bumps, but constraints have to be applied to achieve the desired surface

deformations over a wide range of shock positions.

V. Conclusion

The wave drag reducing potential of 2D adaptive shock control bumps has been studied for a wide range of shock
positions through experiments and simulations.

Stagnation pressure profiles downstream of the bump showed that wave drag is proportional to the ratio between
inlet and outlet stagnation pressure in a blow-down wind tunnel for a given shock position, thus obtaining a reliable
way of estimating wave drag from experiments, confirming previous speculations [[14]. In particular, this method gives
a conservative estimate, suggesting that the drag saving associated with the adaptive bumps could be greater than
presented in this paper. A hysteretic behaviour was observed in the relationship between shock position and tunnel
stagnation pressure ratio. The analysis of the hysteresis loop can provide detailed information about the wave drag
reducing potential of the bump.

Photogrammetry revealed the presence of three preferred structural configurations during experiments on the
actuated adaptive bump, due to the effect of passive actuation. The three bump shapes are associated with three
overlapping hysteresis loops, leading to a significantly enlarged hysteresis region, such that actuated adaptive bumps can
reduce wave drag over a wider operational envelope compared with solid bumps of a similar initial shape. Conversely,
the unconstrained flexible plate was found to deform into a wide range of bump shapes (with similar overall height
but a more upstream crest), with no preferred structural configurations, leading to an increase in wave drag both on-
and off-design. This suggests that adaptive bumps have the potential to reduce the wave drag associated with a normal

shock, but constraints must be employed to achieve the desired surface deformations over a wide operational envelope.

Acknowledgments
Part of this work was presented at the 57th AIAA SciTech Forum (San Diego, California, 7-11/01/2019) and the

54th 3AF International Conference (Paris, France, 25-27/03/2019).

22



The first author wishes to acknowledge the Imperial College President’s PhD Scholarship Scheme, supported by

EPSRC, for their support of this research. The authors are grateful to the UK Materials and Molecular Modelling Hub

for computational resources, which is partially funded by EPSRC (EP/P020194/1).

[1

—

(2]

[3

—

[4

—_

[5

—

[6

—_

(7]

[8

—_—

(9]

[10]

(11]

[12]

References
Ogawa, H., and Babinsky, H., “Evaluation of wave drag reduction by flow control,” Aerospace Science and Technology, Vol. 10,

No. 1, 2006, pp. 1-8.

Konig, B., Pitzold, M., Lutz, T., Kriamer, E., Rosemann, H., Richter, K., and Uhlemann, H., “Numerical and experimental

validation of three-dimensional shock control bumps,” Journal of Aircraft, Vol. 46, No. 2, 2009, pp. 675-682.

Bruce, P. J. K., and Colliss, S. P., “Review of research into shock control bumps,” Shock Waves, Vol. 25, No. 5, 2015, pp.
451-471.
Ashill, P. R., and Fulker, J. L., “A Novel Technique for Controlling Shock Strength of Laminar-Flow Aerofoil Sections,” DGLR

BERICHT, 1992, pp. 175-175.

Wadehn, W., Sommerer, A., Lutz, T., Fokin, D., Pritschow, G., and Wagner, S., “Structural concepts and aerodynamic design of

shock control bumps,” ICAS Paper 66R1, Vol. 1, 2002.

Dargel, G., and Thiede, P., “Assessment of shock and boundary layer control concepts for hybrid laminar flow wing design,”

Drag Reduction by Shock and Boundary Layer Control, Springer, 2002, pp. 383—414.

Rhodes, O., and Santer, M., “Structural optimization of a morphing shock control bump,” the Proceedings of 52nd
AIAA/ASME/ASCE/AHS/ASC Strutures, Strutural Dynamics and Materials Conference, Denver, Colorado, 2011, pp. 2129—

2147.

Jinks, E., Bruce, P., and Santer, M., “Optimisation of adaptive shock control bumps with structural constraints,” Aerospace

Science and Technology, Vol. 77, 2018, pp. 332-343.

Bein, T., Hanselka, H., and Breitbach, E., “An adaptive spoiler to control the transonic shock,” Smart materials and structures,

Vol. 9, No. 2, 2000, p. 141.

Visbal, M., “Viscous and inviscid interactions of an oblique shock with a flexible panel,” Journal of Fluids and Structures,

Vol. 48, 2014, pp. 27-45.

Pasquariello, V., Hickel, S., Adams, N., Hammerl, G., Wall, W., Daub, D., Willems, S., and Giilhan, A., “Coupled simulation of

shock-wave/turbulent boundary-layer interaction over a flexible panel,” 6th European Conference for Aerospace Sciences, 2015.

Ogawa, H., and Babinsky, H., “Wind-tunnel setup for investigations of normal shock wave/boundary layer interaction control,”

AIAA Journal, Vol. 44, No. 11, 2006, pp. 2803-2805.

23



[13]

(14]

[15]

[16]

(17]

(18]

(19]

Threadgill, J. A. S., and Bruce, P. J. K., “Comparison of Unsteady Flow Similarities in Various Shock/Boundary-Layer

Interaction Configurations,” 55th AIAA Aerospace Sciences Meeting, 2017, p. 0986.

Gramola, M., Bruce, P. J. K., and Santer, M., “Experimental FSI study of adaptive shock control bumps,” Journal of Fluids and

Structures, Vol. 81, 2018, pp. 361-377.

Gramola, M., Bruce, P. J. K., and Santer, M., “FSI study of 2D adaptive shock control bumps,” AIAA Scitech 2019 Forum, 2019,

p. 1845.

Gramola, M., Bruce, P. J. K., and Santer, M., “Photogrammetry for accurate model deformation measurement in a supersonic

wind tunnel,” Experiments in Fluids, Accepted November 2018.

“Photomodeler user guide,” https://www.photomodeler.com [Accessed: 28/05/2018].

“OpenFOAM User Guide, version 5.0,” https://openfoam.org [Accessed: 23/05/2018].

Spalart, P., and Allmaras, S., “A one-equation turbulence model for aerodynamic flows,” 30th aerospace sciences meeting and

exhibit, 1992, p. 439.

24


https://www.photomodeler.com
https://openfoam.org

	Introduction
	Experimental setup
	CFD simulations
	Results
	Flow features
	Wave drag
	Average shock position
	Stagnation pressure profiles
	Loss coefficient

	Transient shock behaviour
	Aerodynamic hysteresis
	Passive structural deformation
	Aerostructural coupling


	Conclusion

