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ABSTRACT

In this experimental study, both classical and shock induced supersonic panel flutter are investigated at a freestream
Mach number of 2, using a combination of planar particle image velocimetry (PIV) and stereographic digital image
correlation (DIC) to obtain simultaneous full-field structural displacement and flow velocity measurements. High-
speed cameras are employed to obtain a time-resolved description of the panel motion and of the flow dynamics. In
order to prevent interference between the PIV and DIC systems, an optical isolation is implemented using fluorescent
paint, dedicated light sources, and camera lens filters. For the shock induced case, the effect of the panel motion
on the SWBLI behavior is assessed, by comparing it with the SWBLI on a rigid wall. The results show that panel
oscillations occur with an amplitude of ten times the panel thickness. The dominant frequencies observed in the panel
oscillation (424 Hz and 1354 Hz) match the main spectral content of the reflected shockwave position. In absence of
shock impingement, the oscillation amplitude is on the order of the panel thickness, while the dominant frequency
contribution is at 730 Hz.

The fluid-structure coupling is studied by identifying the flow regions of maximum correlation between the panel
displacement and the flow velocity fluctuations. In presence of shock impingement the results obtained proved that
the inviscid flow region upstream of the SWBLI is perfectly in phase with the panel oscillation, while the downstream
region has a delay of one quarter of the flutter cycle. Instead, no delay is observed for the configuration in absence of

shockwave impingement.

1. Introduction

The vibration of thin structural surface elements exposed to a supersonic flow represents a fluid-
structure interaction (FSI) phenomenon that can seriously affect the performance and structural
integrity of supersonic aircraft and spacecraft systems. This is, for example, the case of the X-15
aircraft, which experienced flutter on both fairing and tail panels (Kordes et al. (1960)). These ad-
verse effects are further amplified when a shockwave/boundary-layer interaction (SWBLI) occurs
over the panel, since the increased pressure and thermal loads on the panel further compromise
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the strength and stiffness of the plate (Spottswood et al. (2019)). Panel flutter induced by a SWBLI
has been observed for a multitude of high-speed vehicles such as the X-15 (Dowell & Bendiksen
(2010)) or in the operation of a non-adaptable exhaust nozzle (like that of a launch vehicle) during
the start-up. The accompanying over-expanded flow can lead to shockwave boundary layer inter-
action on the flexible nozzle wall, where impinging oblique shocks trigger violent oscillations of
the nozzle (Pasquariello (2018), Garelli et al. (2010)). A better understanding of this phenomenon,
which is generally referred to as shock-induced panel flutter (Boyer et al. (2018)), is therefore cru-
cial for the design of future high-speed vehicles. The characteristics of SWBLIs induced by an
oblique shockwave in the presence of a rigid surface has received extensive attention. The main
flow features are sketched in Fig.1 (left), while a more detailed description can be found in refer-
ence texts, such as the one given by Babinsky & Harvey (2011).

Classical supersonic panel flutter has been extensively studied in literature, with Dowell (1975)
presenting an overview of the theoretical models and the physical aspects of flutter, whilst Mei et
al. (1999) has given a general review of the most relevant results on panel flutter in the last century.
A more recent review is provided by Dowell & Bendiksen (2010), which also studies viscosity ef-
fects. On the other hand, several numerical studies have approached shock-induced panel flutter
in recent years such as Visbal (2012) (with compressible Euler equations coupled with the von Kar-
man plate equation), Pasquariello et al. (2015) (which used LES) and Shinde et al. (2018) (where
3D effects are also taken into account). The use of numerical simulations has the attractive feature
(when compared to experiments) of providing complete flow characterization data with a high
spatial and temporal resolution, and with the opportunity of conveniently changing the main pa-
rameters at will. However, (high-fidelity) numerical simulations are also restricted by issues, such
as the limited Reynolds number and the limited computational domain. For this reason validating
experiments remain valuable.

In a typical panel flutter experiment, a flat (or curved) plate is assembled in the wind tunnel test
section and the dynamic pressure of the wind tunnel is increased until flutter is achieved. Many
experimental studies in the past were focused on determining the effects of different geometry,
flow and boundary conditions on the flutter boundaries. Anderson (1962) determined the flut-
ter boundaries of flat and curved plates at a Mach number of 2.81 using inductance pickups to
measure the plate vibration. Dowell & Voss (1965) performed various experiments studying the
effect of panel dimensions, panel mechanical properties, Mach number, and acoustic cavity size on
flutter boundaries using vibrometers, strain gauges and thermocouples. In these experiments only
a limited characterization of the flow was performed, typically providing only freestream Mach
number and dynamic pressure. The experimental techniques as used in these previous studies
further allow only single point measurements of the flow and the plate displacement, whereas
computational simulations allow a full-field analysis of both the plate motion and the surrounding
flow. To provide complimentary full flow-field experimental data, more advanced measurement
techniques, such as particle image velocimetry (PIV), should be incorporated. Very few experi-
mental studies using full flow-field techniques have been used to investigate shock induced panel
flutter. On the other hand, these techniques have already been extensively used under similar
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conditions for the study of a shockwave impinging on a rigid plate as documented in the review
paper of Clemens & Narayanaswamy (2014). SWBLI induced by an impinging oblique shockwave
is described by Humble et al. (2007) using planar PIV. In a following study van Oudheusden et
al. (2011) used high-speed PIV to measure the time-resolved 2D flow of a SWBLI and to study the
associated flow unsteadiness. Piponniau et al. (2009) has used PIV data to verify a model which
explains the low-frequency unsteadiness for cases in which the flow is reattaching downstream of
the impinging shockwave. Furthermore, Schreyer et al. (2015) studied SWBLI using a dual PIV
system (multi-exposure) to simultaneously achieve a sufficiently high spatial and temporal reso-
lution.

Regarding the experimental characterization of the shock-induced panel flutter itself, Spottswood

| L

Pc

a

Figure 1. Schematic overview of the SWBLI developing on a rigid panel (left). On the right sketch of the
experimental geometry, including the PIV FOV outlined in red (side-view).

et al. (2012) used high-speed digital image correlation (DIC) to achieve a detailed measurement of
the vibration response of a thin plate during shock-induced panel flutter. The use of DIC provided
a complete description of the plate displacement, which allowed the extraction of the panel vibra-
tion mode shapes. Pressure sensitive paint (PSP) was used to quantify the pressure distribution on
the plate surface even if no accompanying flow field measurements were performed. Similarly to
the previous study, in Spottswood et al. (2019) DIC was employed to record the panel movement
from both the cavity and the flow side, without noticing relevant differences. Recently, Brouwer
et al. (2021) conducted full field DIC measurements of a thermally buckled panel. Further panel
flutter investigation employing PSP measurements have been, conducted by Tripathi et al. (2021).
To the best of the authors” knowledge, Tripathi et al. (2021) is also the only study in which also PIV
was employed for studying this phenomenon.

Moreover, no experimental studies on shock induced panel flutter have been reported so far, which
employ both DIC and PIV in combination. In contrast, the measurement of both flow and struc-
ture using PIV and DIC simultaneously has been documented for low speed fluid-structure inter-
actions, as in Zhang & Porfiri (2019)), which proves the feasibility of the simultaneous use of these
techniques. Hortensius et al. (2018) is the only study in which these techniques have been used
under supersonic conditions, particularly for studying the interaction between an underexpanded
jet and an adjacent compliant surface, without time resolving neither the flow nor the structure.
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The objective of the current study is to experimentally investigate classical and shock induced
panel flutter using PIV and DIC simultaneously, with the aim of assessing the feasibility of using
these selected techniques for this particular fluid-structure interaction, and generating reliable full-
field experimental data. The tests have been conducted on a panel with free side edges, for which
a nominally 2D flutter response is predicted, from both the flow and structural perspective.

2. Experimental procedures

2.1. ST-15 wind tunnel

Figure 2. Technical drawing of ST-15 (left) and 3D CAD rendering of the test section (right) with panel (1), clamping
pieces (2) and shock generator (3).

The tests have been performed in the ST-15 supersonic blowdown wind tunnel of TU Delft. The
tunnel is equipped with interchangeable nozzle blocks, that form the top and bottom walls. For
this study a Ma = 2 configuration was used. The rectangular test section has a size of 15cm x 15cm
x 25cm (height x width x length) with two side windows (diameter of 250 mm) allowing optical
access to the test section.

The wind tunnel was operated at a total pressure p, = 2.5 bar and total temperature 7, = 288K.
For these stagnation conditions and a free stream Mach number Ma., = 2, the corresponding
dynamic pressure is g, = 0.89 bar. The boundary layer thickness at the entry of the test section is

09,0 = 5.2 mm (Giepman et al. (2018)). The main operational parameters have been summarized
in Table. 1.
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Table 1. Flow conditions

Parameter Symbol Value Unit
Free stream Mach number May, 2

Free stream velocity Uso 442 m/s
Total pressure Do 2.5 bar
Total temperature Ty 288 K
Dynamic pressure Joo 0.89 bar
Boundary layer thickness 99,0 5.2 mm
Incompressible momentum thickness 0; 0.52 mm
Reynolds number per unit length Res/L 3.3-107 1/m
Reynolds based on 6; Rey, 1.5-10* -

2.2. Panels

In addition to the tests on the flexible thin panel, additional measurements with a rigid plate were
conducted as a baseline reference case.

The thin flexible and rigid panels were made in Al7075-T6 and installed in the lower Mach block
by means of two L-shaped clamping pieces, see Fig.2. The figure also shows the presence of the
cavity underneath the panels, which is directly connected to the exit of the test section. As such
the pressure in the cavity during the experiments was not explicitly controlled.

The thin panel has a thickness h = 0.3 mm, length ¢ = 128 mm and a span b = 84 mm, resulting
in an aspect ratio a/b = 1.5. The panel is clamped at the leading edge and trailing edge while it is
free on its sides as shown in Fig.3 (left). This clamping condition is achieved with two streamwise
oriented cuts of 0.2 mm of width. As the rigid baseline case a 9 mm thick solid panel was used,
without side slots (see a picture of the rigid panel in Fig.3, right).

For the shock impingement configuration, a shock generator with an angle ¢, = 11° was mounted,
to create an oblique shockwave impinging at z;,,,,/a = 0.55 on the test panel. To reduce the height
of the shock generator, and hence its blockage of the flow, it features a second ramp angle (6, =
7.8°) at the rear part (see Fig.2). This causes the formation of expansion waves, which impinge on
the bottom wall of the test section, sufficiently far downstream of the flexible panel to not affect
the flutter behavior (see Fig.1, right). In Table 2 the most important panel and shock generator
parameters are summarized.

2.3. Measurement techniques

For the DIC acquisition, two Photron FASTCAM SA1 high speed cameras have been used in a
stereographic configuration. The cameras have been placed at one side of the wind tunnel as
indicated in Fig.4 (left). The angle between the two cameras is approximately 45°, which is the
optimum value to measure out-of-plane displacements (see Sutton et al. (2009)). The orientation
of the cameras with respect to the measurement plane is shown in Fig.4 (right) with the 2 DIC
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Figure 3. Technical drawing of flexible panel (left). On the right, rigid panel with speckle pattern on it.

cameras having a symmetrical position with respect to the vertical plane passing for x/a=0.5. Both

Photron cameras were operated at an acquisition frequency of 5000 Hz and with a full resolution of

1024pz x 1024pz. The acquisition frequency has been selected such as to obtain time resolved mea-

surements with respect to the most energetic panel flutter frequencies. Each camera was equipped

with a 105 mm Nikkor objective with fy = 11 and Scheimpflug adapter to align the focal plane

of the cameras with the non-deformed surface of the panel. The resulting depth of focus was ap-

proximately 16 mm which was sufficient to keep the plate in focus when deformed during the

measurements. The resulting DIC FOV is approximately 120 mm long and 100 mm wide, thus

covering the entire panel (except for small regions at the LE and TE of the panel).

The DIC cameras image the movement of the panel by tracking a speckle pattern on the surface

Table 2. Model parameters

Parameter Symbol Value Unit
Length panel a 128 mm
Span panel b 84 mm
Thickness panels h 0.3 mm
Angle shock generator 61 11 °
Second ramp angle 0 7.8 ¢
Impinging shock angle B 40.4 °
SW impinging point Limp/ @ 0.55 -
Pressure ratio across impinging SW p2/p1 1.8 -
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of the panel. The pattern consisted of air brushed dots of fluorescent paint (from LaVision) with
an imaged size ranging from 3 to 7 pixels. In order to have a good contrast between the black
background of the panel and the fluorescent paint, a speckle coverage of nearly 50% of the panel
surface was used (see Fig.3, right). In order to acquire images of the speckle pattern at such a high
frequency a blue LED lamp was used which was installed between both cameras (see Fig.4). The
LED was synchronized with the DIC cameras by means of a high speed controller with a pulse
time 7, zp = 20 ps. The synchronization mechanism is described in more details in Section 2.4.
The flow field in the center streamwise plane, over the panel, was measured by means of two-
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Figure 4. On the left sketch of optical measurement set-up (top-view), while on the right picture of the set-up
showing the cameras arrangement.

component particle image velocimetry. A single camera in planar configuration was employed, ac-
quiring images in a chordwise-vertical oriented plane of measurement passing along the mid-span
of the panel, as clarified in Figs. 1 (right) and 4. Since the PIV and DIC systems are synchronized,
the acquisition frequency was 5000 Hz for the PIV recording as well. In total 4719 image pairs were
acquired in double pulse mode with an interframe time of dt = 2us. The camera was fitted with
a lens with a focal length of 106mm with f, = 4. These settings were combined with a cropped
sensor resolution of 1024pz x 592px with the PIV FOV extending longitudinally from z/a = 0.1
to z/a = 0.65 (with the origin of the x-axis corresponding to the leading edge of the panel), and
vertically from z/a = 0 to z/a = 0.25 (see Fig.1, right) this FOV was selected so as to include the
main flow features developing on the panel, namely the reflected and impinging shockwave, the
separated area as well as the expansion waves developing downstream of the interaction between
the impinging shockwaves and separated area.

DEHS particles were used as flow tracers, which have a relaxation time 7, = 2415 and a particle di-
ameter d, ~ 1um (see Ragni et al. (2011) for more details). The seeding particles were illuminated
by a Nd:YAG Continuum MESA PIV dual cavity laser. By means of an optical probe, a Imm thick
laser sheet passing along the mid-span of the panel is achieved.
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Figure 5. Connection diagram

2.4. Synchronisation and optical isolation

The synchronisation of the three cameras (two for DIC and one for PIV) and the laser pulses was
achieved with a high-speed controller (HSC) from LaVision. The trigger of the LED was then con-
nected to the trigger of the second laser pulse such that they would be triggered at the same time.
A digital delay/pulse generator was connected between the LED and the second laser pulse trig-
ger to control the pulse duration of the LED which was set equal to 20 is. A simplified schematic
of the connection diagram which highlights the hardware present in the set-up is shown in Fig.5.
Because of the simultaneity of the PIV and the DIC measurements it has been necessary to have
an optical isolation between the two systems, which has been accomplished by using: a blue illu-
mination for the LED light; an orange fluorescent paint for the DIC speckle pattern; a bandpass
filter for the PIV camera; a highpass filter for the DIC cameras; a PIV laser with a wavelength of
A =532 nm.

A graphical representation of this optical isolation system is shown in Fig. 6, indicating the emis-
sion wavelength spectra of the light sources and of the fluorescent paint and the transmitted wave-
length spectra of the camera optical filters. The orange fluorescent paint for the speckle pattern
has been selected such that when it is illuminated by the blue LED light (ALgp ~ 420 — 500 nm),
it reemits at higher wavelengths than the laser (A4 ~ 600 — 750 nm). To ensure that the DIC ac-
quisition is not influenced by the PIV illumination system and vice versa, optical filters have been
fitted on all the camera lenses. For the DIC cameras, longpass filters have been employed with a
cut-off wavelength A\, = 580 nm, to avoid any illumination from the laser. Similarly on the PIV
camera a bandpass filter (Ays,,q ~ 475 — 575 nm) has been used to avoid illumination from both the
blue LED and the fluorescent paint.

The effect of the highpass filters on the DIC performance is demonstrated in Fig.7, which shows
the raw DIC images both in presence and in absence of filters. Both images have been acquired in
presence of PIV seeding illuminated by the PIV laser light. In the image on the left, the presence of
the laser sheet, makes the evaluation of the panel displacement field near the mid-span unreliable.
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Figure 7. Comparison of DIC raw images with (center) and without (left) highpass filter. On the right an histogram
shows the image counts distribution for two square regions (blue on the left image and orange in the center)
belonging to the two DIC raw images.

The use of the DIC camera filter (center image) prevents this effect, with only a small contribution
of laser reflections on the surface remaining. To quantify this aspect, a histogram of the pixel in-
tensity is shown for two square regions (indicated in the images by the blue and orange squares)
of 50pxz x 50px of the two DIC raw images (see Fig.7). The histogram for the image without DIC
filter, reveals that due to the laser illumination, no pixel intensity values below 200 counts occur.
In contrast, with the highpass filter applied, an optimal contrast is regained between the black
background and the intensity counts of the speckle pattern.

Also for the bandpass filter used for the PIV camera the histograms of the pixel intensity were
determined (see Fig.8) for the two configurations (with and without filter) in two square regions
of 50pz x 50px each. The corresponding distributions reveal that the effect of the filter is that of
shifting the entire distribution to lower counts of pixel intensity.

However, although the bandpass filter helps to minimize the reflections on the wall of the panel
due to the LED, it was found that it has only a marginal contribution on the evaluation of the ve-
locity vectors. This observation is associated with the fact that, even without the P1V filter, the DIC
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light is not able to sufficiently illuminate the seeding particles.
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Figure 8. Comparison of PIV raw images with (center) and without (left) bandpass filter. On the right the histogram
shows the image counts distribution for the indicated two square regions (blue on the left image and orange in the
center) for the two PIV raw images.

2.5. Mutual effect of PIV and DIC

Notwithstanding the application of optical filters on both the PIV and the DIC cameras to separate
the two measurement systems, it was verified whether the PIV measurements had a remaining
effect on the DIC measurements and vice versa.

To analyze the effect of the PIV laser illumination on the DIC measurement in a quantitative man-
ner, the standard deviation of the vertical displacement field is shown in Fig.9 both in presence
(right) and in absence (left) of the simultaneous PIV measurement. To isolate this effect and to
avoid any secondary contribution (panel movement and aberration effect) the data are reported
for the rigid panel in absence of shock impingement. The results highlight that outliers occur only
in correspondence of the laser sheet location (dashed green line) in presence of the simultane-
ous PIV measurement. However, the magnitude of the corresponding standard deviation is very
small (zgiq/h = 4.5 - 107%) and comparable with the noise level in absence of laser illumination
(zsta/h = 2.5-107?). Furthermore the additional noise contribution is negligible with respect to the
flutter amplitude of the flexible panel which with and without shock impingement is respectively
in the order of zg:4/h = 2.1 and zgq/h = 0.3, as will be discussed in the following sections.

A similar procedure was also carried out to qualitatively visualize the contribution of the DIC
system on the PIV measurements. In this case the standard deviation of the streamwise velocity
component for the rigid panel in absence of shock impingement is considered as a comparison
metric. In presence of the simultaneous DIC measurement, a relatively low increase of fluctuation
in the velocity field is observed, in particular, close to the surface of the panel (from V., ,/Vs =~ 0.06
to V,.,,/ Voo = 0.10 in presence of DIC). It should be pointed out that another aspect that affects the
standard deviation of the velocity field is the variability of the seeding, which could further affect
the comparison of the two cases. It is also worth commenting that in both cases a slight increase of
standard deviation is observed for z/a < 0.05, which is approximately the boundary layer region
(6 = 5.2mm).
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Figure 9. Effect of PIV on DIC measurements. The standard deviation of the displacement field on the rigid panel
(without shock impingement) is shown both with (right) and without (left) simultaneous PIV measurement. The
dashed green line indicates the laser sheet location.
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Figure 10. Effect of DIC on PIV measurements. The standard deviation of the streamwise velocity field on the rigid
panel (without shock impingement) is shown both with (right) and without (left) simultaneous DIC measurement.

2.6. Data Processing

As it is clear from Fig.8, the raw PIV snapshots suffer from significant laser light reflections from
the surface of the panel. Therefore, the images were pre-processed by means of a Butterworth
time filter having a length of seven images (Sciacchitano & Scarano (2014)). In addition, the region
in which the panel was oscillating was completely masked to avoid the occurrence of outliers in
proximity of the surface of the panel. Thus, the vertical extent of the field of view in which ve-
locity vectors are obtained is limited to ranging from z/a = 0.032 to z/a = 0.25 (the latter being
the original upper boundary of the FOV, see Section 2.3). The velocity vectors were subsequently
obtained from a multi-pass cross-correlation analysis with a window size of 96pz x 96px and three
additional passes with a circular window size of 24pz x 24px. The overlap was set to 75% which
results in a final vector spacing of Azp;y/a = 0.38mm corresponding to Az pry /a = 0.003.

For the DIC data, the displacement field has been evaluated with a cross-correlation procedure, in
which each instantaneous raw image is correlated with a reference image, obtained as the average
of 100 images of the panel that were taken in absence of flow (static panel position). A window
(subset) size of 39px x 39px with an overlap of 66% has been used, which results in a vector spacing
of Azprc/a = 0.011. The cross-correlation is limited to estimate only average translational dis-
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placement per interrogation window, without taking into account complex rotation, which could
cause the subset pair of one image to differ greatly from the reference image (Sutton et al. (2009)).
To minimize these differences a least squares matching method is used to map the intensity field
of the reference image into coordinates of the instantaneous raw image of the deforming panel.

A summary of the main DIC and PIV settings is reported in Table 3.

Table 3. DIC and PIV settings

Setting DIC PIV

Acquisition frequency 5 kHz 5 kHz

Number of images 4719 4719 (pairs)

Final resolution 1024 x 1024 px 1024 x 592 px

Field of view (x/a) 0.04 - 0.98 0.10- 0.65

Vector spacing (Ax) 1.40 mm (0.011% a) 0.38 mm (0.003% a)

Final window size 39 x 39 px (4.22 x 4.22 mm) 24 x 24 px (1.54 x 1.54 mm)
Window overlap 66% 75%

2.7. Uncertainty analysis

The main sources of uncertainty for both the DIC and PIV techniques are discussed below, with
the estimated values collected in Table. 4.

For the PIV data the highest source of uncertainty on the velocity value is the uncertainty caused
by the particle slip. This uncertainty is caused by the effect that the tracer particles do not perfectly
follow the flow in presence of accelerations induced by strong pressure gradients (as notably intro-
duced by shockwaves). This slip can be quantified in terms of the particle relaxation time, which
is 7, = 2 ps in this case. The magnitude of this uncertainty is very significant in the region near a
shockwave (e4;, < 53.36 m/s), however, it can be considered negligible in the remaining FOV.

To verify the accuracy of the experimental procedures, the statistical uncertainty is also computed
in regions of the flow and of the panel where virtually no fluctuations are expected. Therefore, for
the displacement, the statistical uncertainty is computed by analysis of the rigid panel, yielding
€. < 0.19 x 107 mm. For the flow velocity the uncertainty is computed for the PIV measurements
in the supersonic free stream region upstream of the impinging shockwave, yielding values of
e, < 0.25m/sand ¢, < 0.21 m/s, respectively for the horizontal and vertical component.
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Table 4. Uncertainty errors

Uncertainty source Technique Value Unit

Statistical ¢, PIV < 0.25 m/s

Statistical ¢, PIV < 0.21 m/s

Statistical €, DIC < 0.19 pm
Cross-correlation e, PIV < 3.42 m/s

Particle slip e PIV < 53.36 m/s

Spatial resolution (interrogation window size) PIV < 1.67 mm
Spatial resolution (subset size) DIC < 4.57 mm

3. Main statistics

3.1. Panel without shock impingement

In Fig. 11 the average and standard deviation of the vertical displacement fields are shown for the
flexible panel in absence of shockwave impingement. First of all, the average displacement field
shows good coherence along the span, with small variations being present only in proximity of
the panel side edges. The average displacement field suggests that there is a relevant difference
in pressure between the cavity and the region above the panel, with the panel having a positive
vertical deformation, with a peak value for z/a ~ 0.5. In view of the boundary conditions the
displacement field gradually goes to zero in proximity of both the leading edge and the trailing
edge of the panel. The standard deviation field highlights the presence of a first bending mode
behavior, with maximum intensity in correspondence of the center of the panel. The peak values
of standard deviation also suggest that the variation in pressure induced by the panel oscillation
is small when compared to the average pressure difference across the panel.

In Fig.12 both the streamwise and the vertical average velocity fields are shown. The plots high-
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Figure 11. Average (left) and standard deviation (right) of the displacement of the panel without shock impingement.
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light the presence of a compression wave, coming from the leading edge of the panel, confirming
a permanent positive deformation of the panel at this location.

Because of this deformation, the velocity field experiences positive vertical velocities up to the
center of the panel. In accordance with the expansion theory, the flow re-accelerates around
z/a ~ 0.35, in correspondence of the inflection point of the panel deformation shape. In addi-
tion to these flow features, a developing boundary layer is visualized for z/a < 0.6, with its size
increasing in the streamwise direction.
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Figure 12. Average horizontal (left) and vertical (right) velocity fields without shockwave impingement.

3.2. Panel with shock impingement
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Figure 13. Average (left) and standard deviation (right) of the displacement of the panel with shock impingement.

In Fig. 13 the average and standard deviation of the vertical displacement fields of the flexible
panel are shown for the shockwave impingement case. The profile of the average displacement
field along the streamwise direction is very different from the non-shockwave case and has a sinu-
soidal shape (second bending mode) which is induced by the average pressure difference between
the upper and lower side of the panel. The pressure on the upper surface of the panel is lower up-
stream of the interaction region and increases downstream, when passing through the interaction
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region, while the pressure in the cavity is expected to be constant. This deformation behavior was
also reported by Visbal (2014) and Shinde et al. (2019), but differs from a typical first bending mode
shape (with downward deflection) reported by Willems et al. (2013), for the average deflection of
the panel. This behavior may be associated with a difference in the cavity pressure.
The strength of the panel oscillation is characterized by the spatial distribution of the standard
deviation of the panel displacement, as shown in Fig. 13 (right). The distribution shows a longi-
tudinal symmetry with respect to the mid-panel location z/a = 0.5, having the highest values in
the center of the panel (zg:4/h = 2) and gradually decreasing values when moving towards the
leading and trailing edge.
As for the non-shockwave case, the average and the standard deviation are very coherent along
the spanwise direction, showing that the plate oscillation is predominantly two-dimensional.
From the average velocity distributions (Fig.14) the main flow features are also observed, namely
the impinging shockwave, the separated area induced by the shock impingement (green-blue area)
and the resulting reflected shockwave. Furthermore, the results confirm an upward deflection of
the outer flow field for 0.25 < z/a < 0.45 in correspondence to the separated area and a downward
deflection of the flow for z/a > 0.45. A compression wave appears at the leading edge of the panel
as for the configuration without shockwave. As a result of the presence of the leading edge com-
pression wave, a reduction of the streamwise velocity component and an increase of the vertical
velocity component (flow deflected upstream) occurs.

The standard deviation of the velocity components (Fig.15), highlights that the regions of higher
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Figure 14. Average horizontal (left) and vertical (right) velocity fields with shock impingement.

unsteadiness are associated with the separated area and the reflected shockwave. It is interesting
to notice that no increased values of the standard deviation are observed for the impinging shock
or with the compression wave emanating from the leading edge of the panel. This second observa-
tion confirms that, at that location, the panel is always bent upwards (as the average and standard
deviation of the displacement suggests), although some variations in the pressure wave strength
are observable in the instantaneous images from Fig.16.
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Figure 15. Standard deviation of horizontal (left) and vertical velocity component (right) with shock impingement.
4. Dynamic behavior

A sequence of the shock-induced fluid structure interaction taking place over the flexible thin panel
with the (extrapolated) shock impingement point at 0.55a is shown in Fig.16, where the instanta-
neous horizontal velocity field is shown together with the vertical displacement field of the panel
for different stages of a flutter cycle. The figure illustrates the capability of the set-up to capture
the dynamics of both the flow field and the structural deformation. The flutter cycle described in
Fig.16 has a duration of 2.4 ms and the four stages have a fixed time separation of 0.6 ms. The
four time steps reveal that the panel is oscillating between a most upward (experienced in the first
time step with maximum value of z/h ~ 6) and a most downward deformation (which is observ-
able for t = ¢y + 1.2 ms, with z/h ~ —6). In the two intermediate stages (t = ¢, + 0.6 ms and
t = to + 1.8 ms) the panel deformation is smaller and shows a combination of upward and down-
ward deflection along the plate. Near the leading edge, the panel has always a positive (upward)
deformation, while near the trailing edge it is negative (downward) (as commented in Section 3).
The reflected shockwave is clearly unsteady and oscillating with the panel motion, being in its
most downstream position (z/a ~ 0.3) for ¢ = t; + 0.6 ms and in the most upstream (z/a ~ 0.2)
for t =ty + 1.8 ms. In correspondence of the interaction between the impinging shockwave and
the separated area, expansion waves are also observed. In addition to these classical SWBLI flow
structures, the oblique compression wave emanating from the leading edge of the panel is once
again observed, with its strength increasing when the deflection of the panel in proximity to the
leading edge is larger. From the oscillation of the panel in time, it has been possible to describe its
range of oscillation (in correspondence of the center line), both in presence and in absence of shock
impingement (see Fig.17). With the dashed line, the average displacement of the panel is indicated,
while with the two solid blue lines the maximum positive and negative displacement. The plots
confirm the considerations previously taken into account for the average displacement fields. It
is also interesting to note that for the shock impingement case the oscillation range of the panel
(=5 < z/h < b) is well above the value of the thickness of the panel (z/h = +1), which is often
referred to (see Dowell (1970)) as the threshold for the definition of the occurrence of supersonic
panel flutter. Differently, for the case without shock impingement the panel oscillation is almost al-
ways below the limits imposed by (z/h = +£1), suggesting that for this configuration, panel flutter
oscillations are not fully developed yet. A similar behavior was also observed by Beberniss et al.
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Figure 16. Simultaneous velocity and displacement field snapshots for a full flutter cycle.
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Figure 17. Mid-span (y/a=0) range of oscillation of the panel with (right) and without (left) shockwave
impingement. The dashed lines indicate the average displacement profile.

(2011) where for a panel 0.635mm thick, a maximum displacement of around half of this thickness
was observed. The results are however in disagreement with Beberniss et al. (2016) where a much
more contained difference was observed between the shockwave and the non-shockwave case.

To substantiate the previous discussion, the panel displacement and its standard deviation are
reported for both cases in Table 5 for the point of the panel with the largest standard deviation:
z/a = 0.5 and y/a = 0 (which is also the centre of the panel). Similarly the average and the
standard deviation of the reflected shockwave position Xgw..s/a have also been included in the
same table for both the rigid and the complaint panel. The reflected shockwave position has been
tracked by looking at the minimum of the divergence field on a horizontal line with vertical coor-
dinate z/a = 0.1. The range of oscillation of the shockwave (using as a proxy for this the standard
deviation of the shockwave position, o(Xgw 1) ) is extended by roughly 80% in presence of the
flexible panel.
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Table 5. Comparison of flow and structure properties with and without shock impingement

z/h o(z/h) Xswres1/a 0(Xswrepi/a)
Flexible panel without shockwave 7.5 0.3 - -
Flexible panel with shockwave -0.3 2.1 0.32 0.026
Rigid panel with shockwave - - 0.33 0.014

4.1. Spectral analysis

A spectral analysis of the reflected shockwave and the panel displacement signals for all the cases
studied is shown in Fig.18 in the form of a power spectral density (PSD), which has been obtained
with the Welch method in this study. The PSD has been premultiplied for the frequency in order
to obtain a physical quantity which is directly proportional to the energy of oscillation of the panel
and of the reflected shockwave. To directly compare the spectral contents, all the PSDs have been
normalised by the variance of the respective time signal.

For the shockwave case, the plot highlights a very similar behavior between the panel displace-
ment and the reflected shockwave, with both signals exhibiting a main peak at 424 Hz, a secondary
at 1354 Hz and a lower contribution at 576 Hz. The peak at 576 HZ is associated with a wind tunnel
contribution, while the remaining two peaks with the flutter phenomenon.

Notwithstanding the good agreement between the spectral content of the two signals, for Xgy,ef1/a
the main frequency peaks are slightly less important than for the structure. This observation is due
to an increase in relevance of the contributions at higher frequency for the SW signal.

For comparison, the premultiplied PSD of the reflected shockwave in presence of the rigid panel is
also included in the same figure (which is normalized by the variance of the shockwave position
for the flexible panel). Compared to the flexible panel, it is clear that for the rigid panel, the oscil-
lation of the reflected shockwave is much less energetic and with the most relevant contributions
for 200 < f < 350 Hz. A similar distribution is also observed in van Oudheusden et al. (2011).

In absence of shockwave impingement a single dominant peak is observed at 730 Hz, while all the
secondary peaks are more than one order of magnitude lower, in opposition with the shockwave
case where two dominant peaks are present. This behavior is in agreement with the study of Visbal
(2014) but is in disagreement with the results of Beberniss et al. (2011), who noticed a shift of the
spectrum to higher frequencies when including the shockwave impingement.

5. Fluid-structure correlation

From the instantaneous images in Fig.16, it was observed that the reflected shockwave reaches its
most upstream/downstream position in a different time step with respect to the stage in which
the panel experiences its most upward /downward deflection. This information is quantitatively
verified by the cross-correlation between the reflected shockwave position and the panel vertical
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Figure 18. Pre-multiplied PSD of reflected shockwave position (for flexible and rigid panel) and panel displacement
(with and without shock impingement).

displacement (see Fig.19). The latter has been considered in a point of the panel in the center of the
range of oscillation of the reflected shockwave, thus in z/a = 0.25,y/a = 0. The plot reveals that
the maximum correlation is obtained for a time delay 7 = 0.6 ms, which is equal to one quarter of
the flutter cycle (of roughly 2.4 ms). The periodical behavior of the cross-correlation corroborates
the presence of a strong coupling between the panel movement and the reflected shockwave posi-
tion and therefore, an exchange of energy between flow and structure, in view of the phase shift of
90 degrees between structural and shock motion.

The coupling between flow and structure not only concerns the reflected shockwave movement,
but also the flow field as a whole. To better characterize this aspect, a cross-correlation between the
same panel point (z/a = 0.25,y/a = 0) and the velocity field has been carried out. The results are
shown in the form of a correlation map, showing in each point of the velocity field, the correlation
value for zero time lag (p(7 = Oms)), for both the velocity components (see Fig.20).

The cross-correlation map indicates that there is a high degree of correlation (|p| ~ 0.75) between
the panel displacement in z/a = 0.25 and the velocity field in the region in between the leading
edge compression wave and the shockwave oscillation range 0 < z/a < 0.2, although with an
opposite sign for the two velocity components. The physical explanation for this correlation is that
for a positive (upward) displacement of the panel, the leading edge compression wave increases in
strength, and accordingly the vertical velocity increases (positive correlation) while the streamwise
component decreases (negative correlation). On the other hand, a significant but lower correlation
value (|p| ~ 0.3) is observable in the shock oscillation range for both velocity components.
Inspired by the results of Fig.19, the correlation maps are also determined (Fig.21) for a time
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Figure 19. Cross-correlation between reflected shockwave and displacement of the structure (z/h) in x/a=0.25.
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Figure 20. Cross-correlation between flow field (on the left V,, and on the right V})) and displacement of the structure
(z/h) in x/a=0.25 and y/a=0 for 7=0 ms in presence of shock impingement.

delay of 0.6 ms (p(7 = 0.6ms)), revealing a relatively high correlation (|p| ~ 0.6) in the reflected
shockwave oscillation range. The sign of the correlation is once again opposite for the two velocity
components, since for more upstream shockwave positions there is an earlier (in terms of stream-
wise positions) decrease in the horizontal component of velocity and an earlier upward deflection
of the streamlines.

For the horizontal velocity component (Fig.21, left), the regions of positive correlation are seen
to extend to the entire interaction length and separated area, confirming the link between the re-
flected shockwave position and the separated area. For the vertical velocity component (Fig.21,
right), downstream of the shockwave oscillation range, there is a further positive correlation area.
This region is associated with the dynamics of the expansion waves originating from the interac-
tion between the sonic line and the impinging shockwave, as sketched in Fig.1 (left). For the V,
correlation map, for z/a > 0.45 and z/a > 0.1 a region of high negative correlation is present, sug-
gesting that for more downstream locations of the reflected shockwave, the value of the horizontal
component of velocity is diminished.

Upstream of the reflected shockwave (z/a < 0.2) no relevant correlation between the panel and
the flow is observed neither for the horizontal nor for the vertical component of velocity. This re-
sult was expected since the flow in this region is governed by the instantaneous local shape of the
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panel, which is out of phase with the reference displacement point for the considered time delay.
For comparison, the cross-correlation map between the oscillation of the panel (again in z/a =
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Figure 21. Cross-correlation between flow field (on the left V,, and on the right V) and displacement of the structure
(z/h) in x/a=0.25 and y/a=0 for 7=0.6 ms in presence of shock impingement.

0.25,y/a = 0) and the flow field is also shown for the panel in absence of shockwave impingement.
First of all, it is worth mentioning that for this case no delay between the flow and the structure is
observed, thus the correlation map is only reported for 7 = Oms.

Downstream of the leading edge there is a region of modest correlation (|p| ~ 0.3, the sign of the
correlation coefficient is again opposite for the two velocity component), in agreement with what
was observed for the panel in presence of shockwave in the same region. However, in absence of
shockwave, this region extends roughly up to the inflection point of the panel.

When comparing the correlation value between the shockwave and the non-shockwave case, lower
peak values of correlation are obtained for the latter case. This behavior is supposed to be associ-
ated with the relevance of the respective panel oscillations, which, as shown in Table 5, are much
more intense in presence of shock impingement.
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Figure 22. Cross-correlation between flow field (on the left V,, and on the right V})) and displacement of the structure
(z/h) in x/a=0.25 and y/a=0 for 7=0 ms in absence of shock impingement.

6. Conclusions

The reported findings show that an experimental simultaneous and time-resolved full-field analy-
sis of structure and flow for classical and shock induced panel flutter is feasible with the proposed
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techniques. This was the first investigation in which DIC and PIV have been employed in combi-
nation for studying this phenomenon, confirming the results obtained by Hortensius et al. (2018)
for a similar application (although in this study neither the flow nor the structure were time re-
solved).

A good quality of the experimental data was achieved by optically separating the structure and
flow measurements. The use of fluorescent paint, a dedicated blue LED illumination source and
DIC highpass filters managed to noticeably reduce the interference of the PIV system on the DIC
acquisitions. On the other hand, the use of a PIV bandpass filter helped to minimize the analogous
DIC interference, but was found to be not very critical. Residual mutual interactions between the
DIC and the PIV systems were quantified and considered negligible (Figs. 9, 10). Given the results
obtained, this set-up demonstrated to be suitable for simultaneous PIV and DIC measurements.
The DIC measurements confirm the spanwise coherence of the (static and dynamic) displacement
tield (Figs.11, 13) as anticipated by the applied boundary conditions with free panel edges. This
also justifies the use of planar PIV measurements in the centerline of the panel to characterize the
flow for the current configuration. In applications where 3D structures are expected (as in the
study of a panel clamped on all the four edges), however, a more elaborate (multiple-plane or vol-
umetric) PIV approach may be required to properly characterize the flow field.

The DIC data showed that the average displacement field has a first bending mode shape for the
non-shockwave case and a second bending mode shape (with an upwards deflection at the front
part and a downwards deflection in the rear part) for the shockwave case. These shapes can be un-
derstood from the variation of pressure over the panel, which, for the shockwave case, increases in
the downstream direction as induced by the impinging shockwave interaction, while the pressure
is nearly constant in absence of shockwave.

For the shockwave case the oscillation amplitude of the panel is well beyond the commonly ac-
cepted flutter limit, with a maximum amplitude of Az/h ~ 10 (Fig.17) . Differently, in absence of
shockwave, the amplitude is in the order of the thickness of the panel, suggesting that in this case
the flutter oscillations are not fully developed yet.

For the shockwave case, the oscillation dynamics of the panel and of the reflected shockwave are
dominated by two contributions: the strongest at 424 Hz, and the second at 1354 Hz. The Strouhal
number corresponding to the main contribution (=424 Hz) of the shockwave oscillations (based
on the mean interaction length) amounts to St = 0.044 and appears slightly shifted to higher St
when compared to the values of the most relevant contributions (St = 0.019 — 0.033) obtained for
a rigid wall surface (see also van Oudheusden et al. (2011)). Differently, for the non-shockwave
case the dominant panel motion contribution is at 730 Hz, while secondary contributions are con-
siderably less energetic. These results confirm that, as expected, the presence of the shockwave
completely modifies the flutter response of the panel, not only changing the deformation shape
and the amplitude of oscillation, but also the frequency of oscillation.

A cross-correlation between the panel movement and the complete flow field clarified that, for the
shockwave case the region of the flow included between the leading edge compression wave and
the reflected shockwave is directly in phase with the panel oscillation (Fig. 20). In contrast, the
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velocity fluctuations in the shockwave oscillation range and in the region downstream of it, have a
delay of 0.6 ms (one quarter of the flutter cycle) with respect to the panel motion (Fig.21). This lag
is also qualitatively observed in the instantaneous images in Fig. 16 between the reflected shock-
wave position and the panel displacement. The correlation map in the isentropic portion of the
flow field, as expected, resembles the map obtained for the non-shockwave case, where no delay
is observable between the fluctuations of the flow and of the structure.

Although additional research is required, another aspect which could influence the flutter dynam-
ics of both the configurations tested is the presence of the leading edge compression wave, whose
variation in strength is associated with the local slope of the panel and hence is changing with the
frequency of oscillation of the structure.
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