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An experimental study is conducted of the fluid-thermal-structural interaction of a clamped
compliant panel exposed to a three dimensional shock-wave/boundary-layer interaction (SWBLI)
induced by a Mach-6 compression ramp with a spanwise nonuniform incoming boundary layer.
The nonuniform boundary layer was produced by placing trips on one side of the upstream
flat plate, resulting in largely turbulent flow on the tripped side and transitional flow on the
untripped side. Measurements of the flowfield confirmed that the tripped boundary layer
contained elevated levels of unsteadiness, and the SWBLI was observed to vary from attached
to fully separated as the ramp angle was increased from 10° to 38°; the separation region on the
tripped side of the panel was noticeably smaller, showing the elevated turbulence levels of the
tripped-side flow to remain relatively localized rather than diffusing across the whole model.
Full-field, time-resolved panel deformations were measured using high-speed photogrammetry
and the vibrational response at each compression angle was characterized. Although the
measured modes conformed largely to those from classical clamped-plate theory, some skewing
of the mode shapes was observed. IR thermography highlighted regions of the compliant region
where elevated temperatures were likely to promote thermal softening effects to the transient
panel response. The quasi-static deformation and stress field was used to characterize the
internal stress factor of each mode and showed a meaningful relationship between transient panel
response and stress contained within each mode: modes with antinodes lying in high-stress areas
of the plate tended to exhibit increases in vibrational frequency and decreases in vibrational
power, whereas the opposite was true for modes with antinodes in low-stress areas.

I. Introduction

REusable hypersonic flight is accompanied by complex aero-thermal loading, which remains difficult to predict;

in particular, shock-wave / boundary-layer interactions (SWBLIs) further complicate the flow environment and
thus challenge predictions of vehicle performance. Design requirements for reusable hypersonic vehicles tend to favor
long, slender configurations and require lightweight and durable structural components [1]], which can be susceptible
to, and potentially couple with, the aero-thermal loading environment. Shortcomings in predicting mechanical and
thermal loads, and the resulting structural responses of the coupled fluid-thermal-structural interaction (FTSI), have led
to over-design of current thermal protection systems and overly conservative structural design margins [2]. Specifically,
assessing the effects of localized heating and pressure loading caused by SWBLIs on vehicle panels remains a paramount
concern as these SWBLIs can lead to boundary-layer separation with a corresponding low-frequency unsteady motion
capable of coupling with compliant surface structures [3H6]. In regard to the FTSI problem, the elevated pressure
fluctuations near shear-layer reattachment for separated SWBLIs are expected to bring about complex and severe
interactions [7]. Furthermore, such surface vibrations, being influenced by the surface thermomechanical distribution,
can in turn influence the fluid field, leading to a multi-directional coupling between fluid and structure [8]9]. Also, the
intense aero-thermal loading on thin compliant regions has been found to induce significant static deflections, on the
order of the panel thickness and greater, which greatly alter the vibrational characteristics of such structural elements



[10].

Earlier developments in the modeling of high-speed fluid-structural interactions (FSIs) and FTSIs made use of simple
aerodynamic models suitable for single panels [11H14], wings [15,[16], and conceptual vehicles [[17, [18]. More recent
work has shown that structural vibrations can couple with and alter the downstream flowfield, unsteady shock dynamics,
and flow separation behavior [6l [10, [19-21]]. Further, investigations of the two-way aerothermoelastic coupling have
demonstrated the underlying importance of the nonlinear temperature-dependent structural response [14}22] and the
dependency of the panel oscillation frequency on the back pressure and temperature differentials between connecting
structural elements of differing thicknesses [23]. There is still much to be desired concerning our understanding of
hypersonic FTSIs, however, particularly under SWBLI excitation, and a need for validation-quality experimental data,
including measurements of the relevant fluid features, surface aero-thermal loads, and flexible panel response.

The two-dimensional compression-ramp-induced SWBLI is a canonical geometry that is well described at low
supersonic Mach numbers [24-26]; however, the same configuration has received less attention for hypersonic flight
conditions at which the effects of heating and low-frequency flow unsteadiness are expected to be amplified. From an
FTSI perspective, Whalen et al. [[7,[27] found severe pressure fluctuations near shear-layer reattachment for separated
SWBLIs at Mach 6 on a compliant region embedded in the ramp; in these cases, there was a higher than expected
degree of static deformation and vibrational frequency shifting, likely caused by the thermal stresses introduced by
the temperature differential between the compliant panel and the support. In measurements on a similar configuration
with a variable back pressure, it was found that an increased pressure differential across the compliant panel introduced
additional stresses and reduced vibrational response, which resulted in a reduction of pressure fluctuations upstream of
the corner for nominally transitional incoming boundary layers [28]]. A downshifting in structural natural frequencies
was attributed to increased temperature differentials, but the unavailability of flow visualization meant that it was not
possible to assess how the potential shifting of the flow re-attachment point on the compliant panel contributed to
changes in the mechanical response. At Mach 10, Duchene et al. [10] identified significant static deflection occurring
on a compliant region, which heavily altered the vibrational characteristics; noticeable changes were found in both the
transient vibrational behavior as well as the spatial distribution of node/antinode locations. In all of these prior studies,
the underlying SWBLI flowfield was nominally two-dimensional, with a spanwise uniform incoming boundary layer.
On a real vehicle, however, nonuniform boundary-layer transition could result in an asymmetric, three-dimensional
flow configuration, even if the generating geometry is two-dimensional. In such cases, we might expect nonuniform
temperature distributions and mechanical loading environments to develop, further complicating the panel response.

Therefore, in this work, we employ experiments to assess the response of a fully-clamped compliant metallic panel
to a compression-ramp-induced Mach 6 SWBLI with a half-tripped incoming boundary layer. This paper is organized
as follows. Section [l describes the test facility, model, and diagnostic techniques for the experiments performed. In
Sections through we characterize the state of the incoming boundary layer, the SWBLI flowfield for each
ramp angle, and the thermal environment of the compliant region. Sections [[IL.D|through [[IL.F present findings on the
non-linear structural response of the compliant panel to the SWBLI aero-thermal loading. Conclusions are then drawn
in Section [[V]

I1. Experimental Setup

A. Facility

All experiments were conducted in the NASA Langley 20-Inch Mach 6 Hypersonic Wind Tunnel. This is a
conventional blow-down wind tunnel facility that uses heated dry air as the test gas. As a blow-down facility, steady flow
times can exceed 15 minutes, though due to camera memory limitations, run times for the present campaign were limited
to approximately 10 seconds on condition. Nominal reservoir conditions give stagnation temperatures of 420 — 520 K
and stagnation pressures of 0.21 — 3.3 MPa, corresponding to unit Reynolds numbers of 1.6 — 23.6 x 10° 1/m. The
present research examined SWBLIs on a flat-plate/ramp at unit Reynolds number of 6.6 x 10° 1/m, which produced a
transitional incoming boundary layer under untripped conditions. Table[I|provides the freestream flow parameters for
the present experiments.

Before each run, the test section, nozzle, and settling chamber were pulled down to low pressure by opening a valve
to an adjoining vacuum sphere. The model was subsequently injected into the test section in order to collect flow-off
data. The model was then retracted into the injector box, at which point a valve upstream of the settling chamber started
the tunnel. Once the desired freestream conditions were reached, the model was again injected into the test section,
signaling 7 of the test time. The test section has three windows for optical access (one on top and two on the sides) and



Table 1 Run Conditions

M, Re, Poo Poo T Veo 00
596 6.6x10°1/m 0.57kPa 0.032kg/m® 627K 946m/s 4.6 mm

a cross-section of 520 x 508 mm. For the present experiments, the top, front window was fitted with a special Zinc
Selenide (ZnSe) antireflective-coated window, enabling infrared (IR) thermography measurements [29].

B. Model

The test article was a steel flat plate with a compression corner; a CAD rendering of the model is shown in the
left image of Figure[I] The base of the model consisted of a 280 mm wide by 711 mm long flat plate with a sharp
leading edge and a 102 mm wide channel along the centerline for inserts. In the present experiments, this insert was
instrumented with Kulite® and PCB® pressure transducers; the spacing of these sensors is shown in the right image of
Figure[T] A 15-5 PH/H1025 (AMS 5659) stainless steel ramp was placed 356 mm downstream of the leading edge
to generate the compression corner. The ramp was 203 mm wide by 102 mm long, with a thickness of 7.62 mm. A
compliant configuration was examined in which a rectangular cavity measuring 76.2 mm by 88.9 mm was machined
out of the rear of the ramp, resulting in a 0.5 mm thick, fully clamped compliant panel embedded in the ramp surface.
The ramp side edges were machined to a sharp point such that, when the ramp assembly was inserted into the flat
plate, the leading edge of the ramp was flush with the surface of the plate. The upstream edge of the compliant panel
was collocated with the corner of the compression ramp. The ramp was placed on interchangeable angled brackets to
produce nominal ramp angles of 10°, 20°, 30°, 34°, and 38°, spanning flow conditions from attached to fully separated
SWBLISs (as shall be discussed shortly). To generate the spanwise nonuniform incoming boundary layer at the SWBLI,
a half-spanwise array of 7 boundary-layer trips were placed 87.4 mm downstream of the leading edge to promote the
development of a half-turbulent-half-transitional boundary-layer near the ramp region. Each tripping element had a
square diamond shape with a side length of 2.16 mm and a height of 3.05 mm; the center-to-center spacing was 6.6 mm,
with the corner of the diamond oriented into the flow, and the inner-most tripping element was located 12.8 mm away
from the model centerline. Select results are presented for the same plate/ramp configuration without the half-span flow
trips to compare the effects of the asymmetric SWBLIL

A plenum box was used to create a pressure-controlled environment on the back-side of the panel, in principle
allowing changes to the structural dynamics caused by varying a pressure differential across the compliant panel to
be studied. The cavity generated by the plenum box and ramp measured 15.7 mm deep and was controlled by a 15
psia (103 kPa) pressure calibration unit (for a representative image of this setup refer, to refs. [10} 28]]). In the present
experiments, the back pressure for each ramp angle was chosen to match the inviscid static, post-oblique shock pressures,
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Fig.1 (a) Schematic of flat-plate/ramp model with viewing paths for each diagnostic technique and (b) layout of
pressure sensors along the model centerline (dimensions in mm).



P2, giving a nominal pressure differential of Ap = 0 kPa.

The flat plate was instrumented with seven flush-mounted fast-response, piezoresistive Kulite pressure transducers
and five 132B38 high-frequency PCB transducers. The placements for each of these pressure sensors on the upstream
portion of the plate are shown in the right image of Figure|l| with the larger circles denoting PCB locations. Note
that we define the streamwise distance from the corner, x., as negative along the flat plate upstream of the corner
and positive parallel to the downstream ramp surface. The plenum box was instrumented with two XCE-062 Kulite
pressure transducers to monitor the static pressure fluctuations inside the cavity behind the panel. All Kulite signals were
collected by three Dewetron TRION-2402-dSTG universal input modules at 200 kHz. The PCB transducers were routed
through two PCB Model 482C signal conditioners and their signals were collected by two Dewetron TRION-1620-ACC
input modules at 2 MHz with an antialiasing filter of 500 kHz. All Kulite sensors were equipped with protective
B-screens (i.e., circular arrangement of eight 0.15 mm holes), with a flat response for frequencies < 16 kHz [30].

Pre-campaign modal testing of the compliant panel was conducted using an impulse hammer and a Polytec PSV-300
scanning vibrometer (with a sampling frequency of 100 kHz) to characterize panel natural frequencies. Four interrogation
locations were chosen for excitation that lay away from nodes of the six lowest-frequency modes; data was collected for
a zero pressure gradient across the panel. Table 2] shows the measured natural frequencies of these six modes together
with theoretical results from Freydin and Dowell [31]. The maximum uncertainty in fyipromerer With a 95% confidence
level was found to be 1.15 x 10™* kHz. The theoretical predictions are generally higher than the measured values,
though this trend is reversed for the (1,3) and (3,1) modes. This is thought to be a result of non-ideal structural boundary
conditions, in which panel edges are not perfectly clamped but are more akin to a clamped-pinned boundary condition.

Table 2 Nominal Wind-Off Panel Modes

Mode Shape (L) (2,1) (1,2) (22) @G (1.3)
Fineorericar [KHz]  0.67  1.19 143 194 196 2.07
Foibrometer [KHz] 051 1.09 1.16 1.75 199 235

C. Focusing Schlieren

Given the expected spanwise variation of the SWBLI, the path-integrated nature of conventional schlieren systems
would make interpretation of the visualized flow field difficult. Instead, a self-aligned focusing schlieren (SAFS) system
was used to isolate the schlieren response to a narrow depth-of-field, effectively reducing the influence of density
gradients outside the plane of interest at the center of the model [32H34]]. In the present implementation, a laser light
source (Cavitar Cavilux HF) was loosely collimated and diffused through a condenser/diffuser lens, before passing
through a linear polarizer and reflecting onto the main system optical axis by a polarizing beam splitter cube. The
linear vertically polarized light back-illuminated a Ronchi ruling (Data Optics), then was projected and focused onto a
retroreflective background (3M Scotchlite 7610) on the opposite side of the tunnel by a field lens (Nikon, 300 mm focal
length). Between the Ronchi ruling and field lens, the light passed through a polarizing Rochon prism (United Crystals,
glass/quartz, 7.5 arcmin splitting), and on the outgoing path, the linear vertically polarized light remained unrefracted.
Just prior to the retroreflective background, a thin piece of quarter-wave film was oriented such that it converted the
linear vertically polarized light to right-circularly polarized light. Upon retro-reflection, the handedness of the light was
converted to left-circularly polarized, and upon return passage through the quarter-wave film, to linear horizontally
polarized light. The field lens formed an image of the returning light back onto the Ronchi ruling, where the incoming
light was refracted slightly by the Rochon prism due to its changed polarization state, providing an adjustment of the
sensitivity of the system akin to the knife-edge cutoff in a conventional schlieren system. The light then passed through
the polarizing beam splitter, through another linear polarizer to increase image contrast, and an image of the density
object was formed at the camera sensor plane (Photron SA-Z) through the use of a relay lens (Niko AF Nikkor, 50 mm,
1:1.4D). The sensitivity of the SAFS system would be adjusted by focusing of the Ronchi ruling on the retroreflective
background, and by adjusting the cutoff through the positioning of the Rochon prism relative to the Ronchi ruling. The
plane-of-focus of the images was adjusted through the camera and relay lens position and focus. To provide sensitivity
to both the horizontal and vertical density gradients in the flow simultaneously, the Ronchi ruling was rotated to 45
degrees relative to the freestream flow direction. Various Ronchi ruling line spacings were used throughout testing
depending on the required sensitivity.



D. Infrared Thermography

IR thermography was performed using a calibrated FLIR A655sc MWIR camera to measure the surface temperature
of the ramp. The camera has a resolution of 320 x 256 pixels with a frame rate of 200 Hz and an uncertainty of +2° C
(—40° — 150° C) or +2% of the reading (100° — 650° C). To increase the signal-to-noise ratio of the IR measurements,
the surface of the entire model was coated with a thin layer of Rust-Oleum™ High Heat black paint, resistant to
temperatures up to 1200° F (649° C). The elastic modulus of the paint layer is orders of magnitude smaller than that of
AMS 5659 steel, so the paint layer is expected to have a negligible impact on the panel response. Bench-top calibration
of the camera with a 15-5 PH/H1025 coupon coated in the black paint gave an emissivity of € = 0.92. To verify the
measurements from the infrared camera, two stick-on type-E thermocouples with a sampling rate of 50 Hz were placed
on the lee-side of the rigid portion of the ramp.

E. Photogrammetry

Measuring the out-of-plane motion of a compliant panel in a hypersonic facility is a difficult task but extremely
important for understanding the structural dynamics. Photogrammetry was chosen for the present experiments since it
is a non-intrusive technique that allows for full-field deformation measurements. Modal-decomposition techniques
then allow the active mode shapes and vibratory power contained within them to be resolved. In our setup, a grid of
markers was painted on the exposed surface of the compliant panel. Since the IR thermography required the model to
be painted black, the markers on the panel were painted using a thin layer of Rust-Oleum™ High Heat white paint.
This allowed for simultaneous measurements of both the panel motion and surface temperature. To ensure circularity
of the markers, we employed a stencil methodology similar to that of Whalen et al. [27]. Two 25 x 10 grids of 1.27
mm diameter circular markers were painted onto the panel with a 20.2 mm streamwise central strip separating the two
grids, as shown in Figure 2] The purpose of the central strip was to allow for a wide enough interrogation area for the
thermography in the case that the white markers interfered with measurements. Two columns of markers on each grid
were painted onto the rigid portion of the ramp to act as reference markers for tracking the bulk model motion.

Fig. 2 Painted ramp with marker grid on the compliant region.

Four 613 nm Luminus PT-120 big-chip light emitting diodes were each passed through a condenser lens, parabolic
reflector, and diffuser to illuminate the panel with focused, uniform light through the ZnSe window that was also used
for the IR thermography. Above the test section, two Vision Research Phantom high-speed cameras, one v2512 and one
v2640, were mounted to a cage on either side of the window such that the IR camera still had a direct line of sight to the
panel. Both high-speed cameras were equipped with a Nikon Nikkor 60-mm lens; the v2512 imaged at a resolution of
768 x 768 pixels, whereas the v2640 imaged at 768 x 864 pixels. Both cameras collected images at 31 kfps using an
exposure time between 10 — 20us; due to camera memory constraints, only approximately 2 seconds of run-time data
were collected. The synchronized cameras sent a signal to the Dewetron DAQ so that it was known exactly when the
cameras were triggered with respect to the other interrogation methods. The position of the markers in each image
pair were determined using the highly accurate super-ellipse marker tracking algorithm developed by Duchene et al.
[LO]. Calibration of the two-camera apparatus was performed by imaging a 16 x 9 grid of markers on a hand-held plate
at various orientations and using the bundle-adjustment algorithm provided by Walker et al. [35]]. Such a calibration
was done for each ramp angle, with typically 50 images from the synchronized calibration videos used to constrain
camera parameters. Wind-off images of the painted panel were captured at vacuum conditions (with a vacuum on the
back-side of the compliant region to give a Ap of 0 kPa) before each run to evaluate the possibility of plastic deformation
occurring during the test campaign.



Once the marker motions were determined, we performed spatial Gaussian averaging (with oo = 9.5 mm) of the
measured out-of-plane displacements, «’, in order to reduce measurement noise and account for variable paint thickness,
while limiting attenuation of higher panel mode shapes and measurements of the spectral panel response power. By
measuring the positions of the reference markers placed on the rigid panel housing, we are able to isolate any bulk
motion of the plate due to model motion that occurs during the test time; this bulk motion is subtracted out from the
displacement data of all the markers, allowing accurate measurements of the quasi-static and dynamic panel deformation.
The accuracy of our photogrammetry routine is highly dependent on the camera separation, ramp angle, and flow state,
as well as the marker-tracking accuracy. Laboratory calibration is inadequate for reproducing all of the test conditions;
therefore, we performed an in situ estimate of the measurement error for each flow condition. Making use of the fact
that no coherent panel motion is detected above 13 kHz, we high-pass filtered the time series data and make use of
both Parseval’s theorem and the assumption that measurement error is a white noise process to obtain the expected
measurement error of each marker. The standard deviations of the filtered data were multiplied by five to represent a
high-confidence bound on the measurement error, similar to in refs. [[10,[27]. The mean out-of-plane displacement
errors determined in this manner were of the order of w’ = 3.1um; these errors were not found to vary significantly with
0.

III. Results

A. Incoming Boundary-Layer State

To begin, we briefly characterize the state of the incoming three-dimensional boundary layer produced by the half
trips. A full picture of the upstream boundary-layer state following the flow trips is provided by the IR data on the
flat-plate region from a previous campaign by ref. [36]], reproduced in Figure[3] The flat plate of these experiments
matched the dimensions in the present case; however, the entire flat plate was painted with Rust-Oleum black paint,
which produced a blunting effect of the leading edge that slightly delayed transition on the flat plate. Nevertheless, the
results on the boundary-layer state should remain qualitatively similar to the present experiments. The location of the
pitot-rake in the presented image is at the same streamwise location as the ramp in the present experiments. We see
clearly an elevated localized temperature on the tripped side of the plate, with a spread angle measured as 6}, ~ 4.5°,
indicating the onset of turbulent flow on the tripped side [37]. We also note that the turbulent flow does not spread past
the centerline of the model upstream of the rake location, and thus the turbulent flow is localized on the tripped side of
the plate.

To supplement the IR results, in Figure [d we show the spectra of the pressure fluctuations along the spanwise extent
of the panel in the upstream plate region. Spectra are taken from sensors at x, = —11.4 mm along the model centerline
and y = £5.7 mm away from the centerline (the positive direction corresponds to the side of the boundary-layer trips)
for the 10° ramp in the present flow conditions; additionally, we present the centerline spectrum for a fully untripped
case as well as from a fully turbulent boundary layer, with flow conditions given by refs. [7,128] (i.e., Condition B in
each paper, with a free-stream unit Reynolds number of 23.6 x 10° 1/m). As we will see, the upstream boundary layer
was unaffected by the SWBLI for this ramp angle. The power spectral density (PSD) were calculated using Welch’s
method, averaging 10,000-point segments of the pressure signals with 50% overlap. We first note the spectra along
the centerline for the tripped (T) and untripped (U) cases, as well as the spectra taken from the tripped experiments at
y = =5.7 mm off the centerline (away from the trips), are all overlapping. The spectrum taken at y = 5.7 mm off the
centerline (towards the trips), however, nearly matches the spectrum taken at the centerline for a nominally turbulent
incoming boundary layer. These results indicate the trips introduce a localized turbulent flow which does not extend
to (or past) the plate centerline at this location downstream. We thus expect the development of a three-dimensional
SWBLI, producing asymmetric aero-thermal loading on the compliant region.

B. Underlying SWBLI Flowfield

To better contextualize the later FTSI results, we now provide a brief characterization of the underlying SWBLI
flowfield and the dynamic pressure loading for the various ramp angles. For the off-surface flowfield characterization,
we rely on schlieren visualizations made on the compliant ramp configuration; we note some degree of surface vibrations
will be present in these data; however the amplitude of these vibrations is too small (as we will see) to introduce
meaningful changes to the basic flow structures in the schlieren. We note also that the focusing schlieren effectively
visualizes a narrow slice about the mid-plane of the flat-plate/ramp; considering the three-dimensional nature of the
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Fig. 4 Spectral development of sensors at x, = —11.4 mm at the centerline and +5.7 mm off the centerline for
Reo, = 6.6 10%/m and 6 = 10°. Spectra also shown for experiments without boundary-layer trips (denoted in the
legend with the U) for nominally transitional and turbulent Reynolds numbers. The designator ys represents the
sensor that is 5.7 mm off the centerline in the direction of the boundary-layer trips.

SWBLI (and incoming boundary layer), this will not be necessarily representative of the full flowfield.

In Figure 5] we provide sample background normalized schlieren images for each ramp angle, with maroon points
indicating the location of Kulite sensors The ramps are seen to experience varying degrees of boundary-layer separation,
spanning from fully attached at 6 = 10° (and possibly 20°), to weakly separated at 30°, and fully separated for the higher
ramp angles. For all ramp angles there are noticeably turbulent structures visible, and for the separated SWBLIs we
see this turbulence extending into the shear layer, especially near the corner region. The presence of these turbulent
structures, even for the 10° case where we expect transitional flow along the centerline, indicates we are seeing some
line-of-sight integrating effects from the narrow depth of focus of the SAFS setup. For the separated SWBLI cases, we
also see highly curved disturbances like those observed in Whalen et al. [7]. As the extent of the separated flow region
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Fig. 5 Representative mean-normalized focusing schlieren images of (a) 10°, (b) 20°, (c) 30°, (d) 34°, and (e) 38°
ramps. The maroon marker denotes the sensor locations for Figureﬂ

grows, the separation location moves upstream and the reattachment location downstream. To compare the overall nature
of the flow fluctuations for the different compression angles, we employ Spectral Proper Orthogonal Decomposition
(SPOD) on the focusing schlieren data, making use of the SPOD routine provided by Towne et al. [38]]. This algorithm
determines a set of orthogonal modes for each frequency based on an eigendecomposition of the cross-spectral density
tensor formed by Fourier-transformed images. Compared to proper orthogonal decomposition (POD), which produces
modes that are coherent only in space, SPOD is able to construct modes that are coherent in space and time, thus
representing dynamically significant features of the selected process. Figure[6 shows a comparison in the energies of
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Fig. 6 (a) SPOD highest-ranked mode energy of focusing schlieren data for each compression angle (note the
vertical dashed line represents the upper bound for anticipated natural frequencies of the compliant panel). (b-f)
Associated energy maps obtained by integrating the SPOD signal between 0.5 < f < 5.5 kHz for each ramp
angle.



the highest-ranked SPOD mode for each ramp angle, normalized by the maximum value of the 38° curve. We present
data only from the highest-ranked mode here, as it represents the greatest energy content and captures the dominant
fluid features. Clearly, for each ramp angle, there are elevated fluctuation energies in the range of frequencies associated
with the compliant panel natural motion (f < 10kHz) and the stronger SWBLIs elevate the overall power of these
fluctuations. Combined energy maps obtained by integrating the SPOD signal between 0.5 < f < 5.5 kHz are presented
in Figure[6p-f, showing the concentration of flowfield energy most relevant to the natural structural motion of the panel.
This low-frequency unsteady fluid motion is expected to be capable of exciting and coupling with vibrations of the
compliant panel region. The concentration of this low-frequency energy appears to lift away from the plate/ramp surface
as the ramp angle is increased, likely due to the increased separation lengths of the higher ramp angle experiments
elevating the shear layer of the incoming SWBLI; this will significantly change the mean impingement location of the
flow on the compliant region and potentially alter which natural modes of the panel are most excited.

The spatial distribution of the mean and temporally varying wall pressure upstream of the corner gives further
insight into the nature of the hypersonic SWBLI. The normalized mean pressures and RMS fluctuation values over the
full test time from the centerline Kulite sensors are presented for each ramp in Figure[/| Only frequencies less than
40 kHz were used in the evaluation of the RMS fluctuation values shown. Here we normalize the sensor streamwise
measurement locations by the nominal untripped transitional boundary layer height, d¢, on the flat plate, informed by
ref. [39]. For the mean pressure (Figure[7h), the 10° and 20° ramp values remain essentially constant, confirming that
the flow remains attached until the most downstream sensor (x. = —7.6 mm). For the other three ramp angles, we see a
significant rise in the pressures as the flow approaches the compression corner. As we would expect, the higher ramp
angle produces a larger pressure rise and an extended region of upstream influence: the 30° ramp begins to show an
increase in p/p« away from unity at x, = —22.8 mm (x. /89 = —1.65), indicating this is potentially where the flow is
beginning to separate. A similar increase occurs further upstream than any of the measurement locations for the 34° and
38° ramps, showing their increased separation regions. The normalized RMS pressure variations (Figure [7b) show
similar trends to the mean pressures, though the higher ramp angles (6 > 34°) exhibit a plateau region approximately
~ 2.56¢ upstream of the corner, similar to trends observed in ref. [[7]. Comparing these results to measurements on the
untripped geometry by Schoneich et al. [28]], we see these centerline pressure profiles are fairly similar for the lesser
ramp angles (8 < 30°), indicating the flow along the centerline is mostly unaffected by the increased turbulence of
the tripped flow for these ramp angles. However, for the higher ramp angles, we note a modest reduction in the mean
pressure rise in the streamwise direction and slightly elevated levels of RMS pressure variations along the centerline,
indicating the larger separated flow region allows turbulent flow from the tripped side to travel in the spanwise direction.

To give a more detailed understanding of the structurally relevant pressure loading content on each ramp, in
Figure[8f(a,b), we show the spectra of the pressure fluctuations for the two centerline (y = 0) transducers closest to the
corner for each ramp angle, revealing the pressure loading conditions that could induce vibrations in the compliant
panel. Additionally, spectra for the two transducers at x, = —11.4mm and y = £5.7 mm away from the centerline (the
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Fig.7 (a) Mean pressure measurements and (b) RMS pressure measurements, normalized by the free stream
pressure, on the upstream flat plate for each ramp angle, 6.



positive direction corresponding to the side of the boundary-layer trips) are presented in Figure [§[c,d). Again, the PSDs
were calculated using Welch’s method, averaging 10,000-point segments of the pressure signals with 50% overlap.
Comparing first the centerline sensors’ spectra in Figure[8p and b, there is a generally consistent shape in the PSD for all
ramp angles, with a largely monotonic increase in fluctuation energy and an increased region of elevated powers in the
frequency range of the primary structural response for larger ramp angles. We do note that, for the further upstream
sensor (x, = —11.4 mm) in Figure @, the spectra of the 10° and 20° are near identical, and it is not until further
downstream at x. = —7.59 mm (Figure[8p) that the 20° ramp produces signs of intermittent separation and increased
unsteadiness. The similarity in the spectra for the § > 30° ramps between the two sensor locations is indicative of the
relatively large separation length scales experienced at these compression angles. Looking now at the sensors offset
from the model centerline, the sensor away from the boundary-layer trips (Figure[8k) exhibits spectra that are nearly
identical to those of the sensor on the centerline at the same streamwise location (Figure [8p). We note the larger ramp
angles (6 > 34°) seem to show a slightly extended region of elevated low-frequency (f < 8kHz) power, indicative of
turbulent information traveling in the spanwise direction of the separation region. However, in the spectra of the sensor
on the tripped side (Figure 8d), we see clear elevated power levels for all ramps; this would indicate that the higher
levels of turbulence induced by the boundary-layer trips have not yet spread (or in the case of the larger ramp angles has
only slightly spread) to the model centerline by this location downstream. Thus, the tripped side of the plate and ramp
can be expected to experience increased levels of heating, thus reaching higher surface temperatures earlier on in the test
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Fig.8 (a,b) Spectral development of sensors at x. = —11.4 and — 7.59 mm, respectively, along the plate centerline
(y = 0) for varying ramp angles. (c-d) Spectral development of the sensor at x, = —11.4 mm and y = +5.7 mm
offset from the centerline (c) away from and (d) towards the boundary-layer trips.
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time. This could result in a non-uniform spanwise thermal strain distribution, which could significantly alter the panel’s
dynamic structural motion.

C. Surface-Temperature Measurements of the Compliant Panel

We now assess the thermal state of the compliant region along the ramp. Knowledge of the thermal state of the
panel is fundamental for understanding the thermal effects on its structural dynamics. Previous studies at hypersonic
conditions have indicated a significant influence of the panel temperature, with resulting static deflections an order of
magnitude larger than the panel thickness and notable shifts in the vibrational frequencies of different panel natural
modes 10,27 28]. In Figure[] we present the surface temperature measurements one second after the photogrammetry
cameras begin recording (approximately 3-4 seconds after model injection), taken on the compliant ramp configuration
for each ramp angle. The compliant panel region is consistently at an elevated temperature relative to the rest of the rigid
ramp body due to the disparate thicknesses of the regions. For all the separated SWBLI cases (8 > 30°), an enhanced
heating region develops near the corner of the ramp, progressing downstream as the ramp angle increases. We expect
the zone corresponding to the peak temperature increase to lie at or near the SWBLI reattachment region on the ramp
24, [40]. For each ramp, we also note that the spanwise temperature distribution is non-uniform, with elevated
heating on the side of the flow trips (the left side of each image). For the 8 > 34° ramps, the streamwise peak-heating
region on the tripped side of the panel lies noticeably upstream compared to the peak on the non-tripped side, indicating
that the more-turbulent nature of the tripped flow causes a compressed separation region.

Noting that the panel temperature distributions show both streamwise and spanwise variations, we now compute the
time-resolved centerline and x/L = 1/3 span-line temperature profile for each ramp angle. The resulting spatio-temporal
distributions, shown in Figure [I0] provide insight into the time evolution of the streamwise and spanwise temperature
profile of the ramp; the horizontal dashed lines in the contours correspond to the beginning and end times of the

100 450 100
S 400
£ 50 50
3 350
IS
300
100 50 0 -50 -100 100 50 0 -50 -100
y [mm]
(b)
100 450 100
E 400
£ 50 50
) 350
&
300
100 50 0 -50 -100 100 50 0 -50 -100

100 50 0 -50 -100
y [mm]
(e)

Fig. 9 IR surface temperature measurements at r = 5 seconds for each ramp angle.
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Fig. 10 Spatial-temporal surface temperature distributions along the (a,c,e,g,i) centerline and (b,d,f,h,j) spanwise
distribution along x/L = 1/3, for each ramp angle.
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photogrammetry data. We note a consistent temperature rise at all locations throughout the test time for each ramp
angle, indicating that the local adiabatic wall temperature has yet to be reached anywhere on the panel. In Figure[T0p,
the unseparated 8 = 10° ramp displays a peak heating region near the corner between 0.15 < x/L < 0.3, followed by a
region of decreasing surface temperature; for 8 = 20°, the contours have a similar shape, but at elevated temperatures. For
the fully separated cases (6 > 30°), there is a noticeable initial peak followed by a cooler region, with a (typically) weaker
secondary peak developing toward the end of the test time. Both the peak heating region and the intermediate trough
move downstream with increasing 6. The maximum final surface temperatures achieved during the photogrammetry
recording time range from 7 =~ 350 K for the 10° ramp up to T =~ 425 K for the 38° ramp. The local elastic modulus,
Er, of the material depends on the material temperature and, for the present stainless steel, Et will decrease with rising
temperatures; for the surface temperatures realized here, the local elastic modulus will be reduced by up to 3.5%.

For the spanwise spatial-temporal distributions in right column of Figure 10} the positive y/S (tripped) side of the
panel heats up consistently more quickly due to the more turbulent nature of the localized flow. This effect seems
to be similar for all ramp angles, with y/S =~ 0.25 generally corresponding to the area of maximum heating. The
spanwise temperature differences tend to increase with time; during the photogrammetry recording period, temperature
differentials of up to 15 K are realized for the higher ramp angles. The higher temperatures experienced on the
tripped-side of the panel will likely lead to larger changes to the temperature-dependent material properties, which can
in turn be expected to alter the localized panel dynamics.

The temperature differential between the compliant region and its rigid support is also important as it will cause
enhanced thermal stresses that can modify the panel response. For each ramp angle, we thus compute the mean
temperature difference, 6T, along the streamwise direction (taken at y/S = 0.25, i.e., midway across the tripped half)
between the compliant panel and the rigid part of the ramp (tripped side), with results shown in Figure[TT] We see that
0T increases monotonically but at a diminishing rate with time, especially for the higher ramp angles. This later time
behavior indicates that the compliant panel is beginning to approach the adiabatic wall temperatures, while the thicker
rigid support is still being heated. Near the end of the test time, this maximum temperature difference ranges from 32 K
for the 10° ramp to 70 K for the 38° ramp. The spatial-temporal streamwise distributions of this 67" (not shown) follow
the same form as those seen in the left column of Figure [I0]
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Fig. 11 Time-varying difference between the average streamwise surface temperatures of the tripped compliant
panel region and the supporting rigid ramp for each ramp angle.

Knowledge of the thermal loading and likely mode shapes can provide early insights into which panel natural modes
are most likely to be affected by the changing thermal environment. We employ the method of Young [41]] to define a set
of analytical mode shapes based on the products of the clamped-clamped beam solution, which allows us to determine
the antinode locations for the theoretical mode shapes. Hereinafter, we use the standard (m,n) naming convention for the
panel natural mode shapes, where m designates the number of antinodes in the streamwise direction and n the number
in the lateral direction. We note the regions of large §T occur between 0.1 < x/L < 0.4, which fall near the front-most
antinode locations of the (2,1), (2,2), (3,1), and (3,2) mode shapes, suggesting that these modes are most likely to
experience changes during the test time. The asymmetric spanwise temperature profiles indicate disproportionate
heating near the (m,n>2) antinode locations, which may manifest itself in local panel dynamic alterations between the
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tripped and non-tripped sides. In general, two competing effects are produced by the thermal loading: 1) increases in
oT between the panel and the support will yield increased thermal strains and thus affect panel dynamics in a similar
manner to a pressure differential; 2) as noted above, increased panel temperatures will lead to a reduction in the modulus
of elasticity in an effect known as thermal softening, which tends to reduce the natural frequencies and can enhance
vibrational response. Meanwhile, the panel will experience quasi-steady static deflections due to the compressive and
thermal strains. This induced curvature in the panel has been shown to reduce vibrational response, increase natural
frequencies, and even alter the spatial distribution of the panel natural modes [10} 27, 28]].

D. Time-Averaged Dynamic Response of the Panel

Now moving to the photogrammetry measurements, to understand how the panel dynamics change for the different
ramp angles, we first compare the modal responses of the panel at selected conditions. We make use of the SPOD
routine applied to the out-of-plane displacements of the grid markers to identify the vibrational frequency and shape
of excited panel modes [38]]; Figure [T2a compares the spectra for select ramp angles, and Figures [I2p through [T2j
show the first nine active mode shapes for a 38° ramp experiment (indicated by the red dots in Figure[12p). Here, we
only examine the first 0.3 seconds of the photogrammetry data for each run; the reasoning for this is that (as we show
later) significant frequency shifting occurred throughout the test due to the changing panel state, which obscures direct
comparison of the spectral data. Beginning with Figure[IZp, we see quite clearly that, as the ramp angle increases (and
thus the SWBLI strength), a greater number of panel natural modes are excited. This can be attributed to the higher
levels of unsteady fluid motion impulsively loading the panel at multiple antinode locations. For all tests in which the
flow was separated approaching the ramp corner, a significantly increased number of vibrational modes were excited
compared to non-separated flow cases. The maroon ticks in the top of Figure[T2h represent the wind-off frequencies
presented in Table 2} we see that under the SWBLI loading the modal vibrations lie at somewhat higher frequencies
than expected, which as we will see is likely due to the non-zero quasi-static deflection present. Looking now to the
mode shapes present in Figure[I2b-j, we see that these generally conform to those expected in classical flat plate theory.
The blank strip down the centerline prevents us from fully resolving the panel motion; nevertheless, the nature of most
of the mode shapes present can be inferred from the available measurement and our knowledge of the natural panel
modes. The first four modes clearly represent the (1,1), (1,2), (2,2), and (3,1) mode shapes; these four modes were
generally activated in all tests. We note some interesting effects occurring with the (1,2) mode; the spatial distribution is
not entirely similar to the theoretical prediction, with the antinode location near y/S = 0.2 skewed upstream on the
panel. The (1,1) and (2,2) modes also show slight asymmetries, with the modal displacements on the tripped side of the
panel being displaced slightly upstream as well. These antinode peaks correspond to the peak heating location in the
spanwise temperature distribution shown in Figure[I0j, likely indicating that the higher temperature on the tripped-side
of the panel causes augmented deformation and vibrational shifts to the local structural dynamics. The fifth mode shape
shown (Figure[T2f) most likely corresponds to the (1,3) mode, with spanwise varying antinode peaks, though some
uncertainty remains in this conclusion. The sixth through ninth distributions (Figure [[2}g-j) all exhibit higher order
natural mode shapes, which most likely represent the (3,2), (2,3), (4,1), and (3,3) modes, respectively.

To assess the effects of the flow asymmetry on the panel motion, we compare the SPOD spectra of the 6 = 30° and
38° cases with the half-trips engaged to the corresponding untripped case, as shown in Figure [I3] In the spectra shown,
red circles are used to denote the peaks corresponding to modes with spanwise aligned antinodes, as we expect these
to differ the most in response to the asymmetric SWBLI loading. We first note the overall reduced responses for the
tripped flow cases, as these cases experienced slightly higher levels of quasi-static deflection and the induced curvature
acted to dampen vibrational response. However, we see that the reduction in A at frequencies corresponding to modes
with spanwise antinodes is lesser than for modes with streamwise aligned antinodes. For both ramps, the (3,1) modal
response near f =~ 1.85 kHz and the (4,1) response near f ~ 3 kHz are heavily dampened for the tripped-flow cases;
however, the (m,n>2) modes show A values that are near to (or in some cases greater than) the spectrum corresponding
to the untripped cases. This seems to indicate that the asymmetric loading in the present case is more likely to activate
and sustain excitation for spanwise varying mode shapes, as compared to a fully two-dimensional SWBLIL.

As we have mentioned, due to the aero-thermal loading on the panel and the disparate thermal masses between the
rigid ramp and thin compliant region, significant thermal stresses (as well as normal stresses from any pressure differential
present) will cause the mean panel geometry to change. For the given fully-clamped plate, the maximum quasi-static
deflection is expected to occur at/near the centerline. To estimate the deflections there from the photogrammetry
measurements (given the absence of markers near the centerline), we perform quadratic interpolation to estimate
the in-plane position of centerline surface elements and subtract out the in-plane position of the fixed markers. The
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Fig. 13 SPOD spectra for the (a) 30° and (b) 38° ramp angles for the present asymmetric flow case and the
transitional untripped flow case. The red circles highlight the frequencies corresponding to mode shapes with
spanwise aligned antinodes.

maximum static deflection in a given experiment, wy,,, (Where positive w},,, indicates deflection inward to the ramp),
can be computed as a function of time and then related to the temperature difference between the compliant panel and
the rigid ramp, 67, as this latter quantity characterizes the degree of thermal stresses present. Figure[T4]thus shows
the maximum deflection for each ramp angle as a function of this temperature difference. In most cases, we see a
finite initial deflection, followed by a further increase during the measurement time; the one exception is the 6 = 10°
ramp which shows a near-zero initial deflection and a period of temperature rise during which the deflection remains
essentially unchanged. When present, the initial deflection can be attributed to the accumulated thermal stresses between
the injection of the model and the beginning of the recording time (usually ~ 3 seconds). The maximum deflection
of the larger ramp angles (6 > 34°) deviate somewhat from trends established by the lesser ramp angles, producing
somewhat reduced deflections, especially noticeable in the range of 35 K < 6T < 50 K. The likely explanation for this
is the pressure distribution on the panel differs significantly from the inviscid value (which was used to determine the
cavity pressure necessary to give a nominal zero pressure differential across the panel) for these highly separated cases.
We do, however, note the rate of change in wy,,, is higher for the larger ramp angles; this can be explained by the panel
curvature reaching a point where nonlinear dynamics (such as membrane stretching) begin to dominate the deflection
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Fig. 14 Maximum static deformation normalized by panel thickness, /, as a function of 67compliant—Rigid for each
ramp angle.
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behavior [42]]. As is shown next in Figure [I3] the deflection behavior appears asymmetric (more noticeably for the
higher ramp angles) with slightly elevated deflections on the tripped side of the panel, explaining the asymmetries
observed in some of the mode shapes with spanwise aligned antinodes.

The changes to the underlying panel geometry just noted motivates the calculation of the quasi-static von Mises
stress field on the plate surface; this stress field, o(x,y), was obtained from the displacement field, w’(x,y), by
applying classical thin-plate theory under small-strain assumptions. Surface curvatures were computed from the second
spatial derivatives w’(x,y), and bending strains at the surface were evaluated using the Kirchhoff-Love kinematic
relations. The strains were then converted to stresses using linear elastic plane-stress constitutive relations with the
local temperature-dependent Young’s modulus and Poisson’s ratio of the material. The equivalent von Mises stress
distributions, as well as the displacement field, are shown in Figure[I3]for both the 10° and 38° ramp at the end of the
recording period. Clearly, as the inward deflection of the panel increases, the surface stresses intensify and thus the
stiffening effects on the vibrational response are expected to be amplified. We see local maxima in the stress distribution
occur near the center of the panel and in an outer ring that passes through the (1,2) and (2,1) antinode locations. For the
38° ramp (Figure [T5d) we see the stresses are elevated on the tripped side of the plate, due to the slightly asymmetric
displacement shape. One might predict from the shape of this distribution that the quasi-static displacement should
produce mode-dependent local stiffening, preferentially enhancing stiffness for certain modes (particularly those with
antinodes near stress peaks).

To assess whether this prediction holds, we estimate the level of localized stiffening contained within each mode’s

nodal confines by integrating the o (x, y) distribution over the relevant modal area. This gives the quantity _ﬁrm’n),
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Fig. 15 (a-b) Final displacement field, «’(x, y), for § = 10° and 38° tests and (c-d) the respective surface von
Mises stress distributions, o (x, y).
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defined by

5(m,n) _ O'(X, y)dA
Ry = [T, M

which, when normalized by the material Young’s modulus, we hereinafter refer to as the modal stress factor. Here (m,n)
designates the mode and A (™™ is the area contained within the nodal lines of this mode. In computing the integral
we assumed a constant o (x, y) over a rectangle around each marker, where the dimensions of the rectangle, dA, are
given by the marker spacings (i.e., 3.58 X 3.53 mm). These modal stress factors are plotted against the time-resolved
maximum quasi-static displacement in Figure [[6h. All modal stress factors are observed to grow monotonically with
displacement. The three lowest-frequency modes - (1,1), (1,2), and (2,1) - contain the highest levels of internal stress,
and are thus expected to be the modes most influenced by stiffening effects that cause an increase in vibrational
frequency, f. Conversely, the (2,2), (2,3), and (3,2) modes are all active in regions of the panel that contain relatively
small levels of internal stress, and thus might be expected to be more significantly influenced by thermal softening
effects which tend to reduce vibrational frequency. The remaining three modes presented - (1,3), (3,1), and (4,1) - all
encompass regions of moderate stress, suggesting that they will be susceptible to both stiffening effects from induced
curvature as well as softening effects from elevated surface temperatures. In Figure[I6b, we present the normalized
local elastic modulus averaged over the surface elements confined within the given mode’s nodal lines (normalized
by the nominal elastic modulus of AMS 5659 stainless steel) against the ramp-panel temperature differential, 67’; the
local elastic modulus is derived from the temperatures obtained from the IR measurements. Here we present data only
for the largest temperature differential measured as it shows the greatest spread in E;m’n) /Eqy between the different
modes. The average modal elastic modulus is used as a proxy for the degree of local thermal softening across the panel,
since the asymmetric streamwise and spanwise heating profiles observed in Figures [9]and [T0]suggest certain modes
lying in relatively hot regions of the panel will experience a stress alleviation from the lower local elastic modulus.
We can see from Figure that E;m’n) /Eqo decreases with heating and the modes with spanwise aligned antinodes
typically show the greatest reduction in elastic modulus due to the axisymmetric heating. This leads us to expect that
the transient behavior of these modes - (2,2), (2,3), and (3,2) - will be more influenced by the thermal softening effects,
as compared to the other selected modes. Ultimately, these relatively large (and temporally varying) panel deformations
and panel stresses can be expected to have a significant influence on the panel mode shapes and dynamic response (see,
for example, refs. [[10,43]]), which now motivates us to explore the time-frequency response of the structural motion.
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Fig. 16 (a) Normalized local mode stress plotted against the normalized quasi-static deflection, w},,,/# and

(b) normalized local mode elastic modulus, E;m’"), confined by the nodal lines of the selected modes against the
panel-ramp temperature differential, 67.

E. Temporal Evolution of Modal Characteristics
The SPOD analysis in Figure [T2] depicts the average panel dynamics over the recorded test time. As Figures[T4]
and[T6| make clear, however, the base panel state is changing with time, which can also be expected to lead to temporal
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Fig. 17 Transient panel modal frequencies using short-time SPOD algorithm on the out-of-plane displacement
measurements for (a,b) 6 = 20°, and (c,d) 6 = 38°, for untripped and tripped cases.

variations in the panel dynamics, in terms of both the vibratory frequency and power of each panel mode. To gain a better
understanding of the temporal evolution of the frequencies of the various excited modes, we divide the out-of-plane
panel motion data into 0.1 second segments with 50% overlap and compute the transient SPOD spectra as a function
of the panel-ramp temperature differential, 67'; examples are shown for the 20° and 38° ramps in Figure Here
we present data for a two-dimensional SWBLI with no flow trips (Figures [[7p,c) and for the half-tripped SWBLI
(Figures ,d). For both ramps, we see multi-directional frequency shifting with some modes tending to increase as 6T
grows, some tend to decrease in f, and some remain at a constant vibrational frequency. Beginning first with the 20°
ramp, for both the untripped and half-tripped cases, we see evidence of the lower frequency modes - like (1,1), (1,2),
and (2,1) - increasing in frequency with 67'; there are no discernible differences for the rate or overall magnitude of
this increase between the two-dimensional and three-dimensional SWBLI. We do, however, see a very clear decrease
in the (2,2) mode throughout the test time for the tripped flow case (Figure[I7b) which is not readily apparent in the
untripped case (Figure [[7h); we also see minor evidence of the drop in frequency for the (3,2) mode in the tripped
case that is not present in the untripped case. This suggests the asymmetric loading on the panel is indeed favoring the
excitation and modification of modes with spanwise aligned antinodes. The 38° ramps in Figures[I7k.d, in addition to
showing significantly more activated modes, displays larger magnitude shifts in the vibrational frequencies. For both
SWBLI cases we again see increases in the (1,1), (1,2), and (2,1) vibrational frequencies, and noticeable decreases
in f for the (2,2), (2,3), and (3,2) modes. The mode shapes with fewer antinodes (i.e., the low-frequency modes) are
seen to generally increase in vibrational frequency, meaning that the induced curvature and increased stress due to the
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static deflection shape dominate the transient behavior. Several other mode shapes, namely the (3,1) and (4,1) modes,
however, show no evidence of frequency shifting as the panel heats and deforms, suggesting a balance between the
static-deflection and thermal-softening effects, as suggested from Figure[I6] The lack of significant differences in the
transient behavior of the panel vibrations between the differing SWBLIs for the 38° ramp seem to indicate other factors
besides the uniformity of 67 are dictating panel dynamics.

To provide a more complete comparison of the evolving modal characteristics between the different ramp angles,
we compute similar short-time SPOD spectra for each experiment and extract the frequency and vibrational power of
selected modes throughout the test time. In Figure[I8h, we present the time-varying modal frequencies for the first nine
selected modes as functions of the panel-ramp temperature differential, 67, for all tests. The modes are grouped by
color and marker type to indicate whether they increase in frequency (red triangles), decrease in frequency (blue nablas),
or remain constant in frequency (green squares). In general, the lowest-frequency modes - (1,1), (1,2), and (2,1) - are
more sensitive to panel curvature and internal stresses, whereas the (2,2), (2,3), and (3,2) modes appear to be more
affected by thermal softening. There seems to be a balancing of these two effects for the (1,3), (3,1) and (4,1) modes,
explaining the near-zero shifting in frequency observed. From Figure [I6a we observed certain modes to lie in regions of
elevated quasi-static stress compared to others. Thus in Figure[I8p, these time-varying changes in frequency are now
plotted against the modal stress factor, Rg‘“’“) /Eo. We see a clear trend emerge in that modes lying primarily in the
relatively low regions of Rffm’n) /Ey exhibit downward shifts in f, whereas the opposite is true for those in relatively
high regions of R'™™ /E,. The (1,3), (3,1) and (4,1) modes lie roughly in a middle range of R\™"/ E, (relative to the
rest of the modes) and show negligible amounts of frequency shifting. There is some overlap in R,(Tm’n) / Ey for differing
directions of A f’s (especially near Rf,m’n) /Eo = 10™*); we look back to Figure |16b to provide a possible explanation for
this. The (2,2) mode in this region displays a Af < 0 and lies on a region of the panel where the thermal softening
effect will be the greatest; the (1,2) and (2,1) modes both show increases in frequency and are on regions of the panel
where the local curvature is largest and the thermal softening effects are reduced. We can also make comparisons to
previous experiments on the same configuration at Mach 10 presented in ref. [[10]. Although it is not readily obvious
from the log scale, Figure indicates an approximately linear relationship between R‘(fm’n) /Eo and wy,, /h. At Mach
10, normalized deflections up to wy,,,/h = 7 where measured, from which we can infer that the modal stress factors
were near an order-of-magnitude higher than in the present case,; this explains the tendency for mode frequencies to
primarily increase throughout the recording time in ref. [10]].
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Fig. 18 Time varying vibrational frequencies of selected modes for all ramp angles against (a) the panel-ramp
temperature differential, 67, and (b) the modal internal stress factor.

In an attempt to collapse the data for the various modes, in Figure [T9]we plot the normalized transient frequency of
each mode (where fj is the wind-off frequency of the relevant mode) versus the modal stress factor. We see a noticeable
convex relationship between f/ fy and RE,“"“) /Eo, with a minimum loosely identified near R E,.m’n) /Eo ~ 1074, though
clearly additional factors (such as thermal softening) are present. Understanding the frequency shifting that occurs, we
now examine the transient vibrational power contained within the specific mode shapes. In Figure 20, we present the
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initial modal powers for the various test conditions as well as for the 6 = 38° ramp with no boundary-layer trips engaged.
These mode-specific powers were computed by summing the eigenvalues within the full-width half-maximum of each
peak in the short-time SPOD spectrum. These powers represent the 20- mean of the vibratory amplitudes of the marker
grid [27]. Representative of all the ramps examined, we note that as the vibrational frequency increases, the vibrational
power of the selected mode generally decreases; this is generally consistent with the strengths of the peaks noted in
the mean SPOD spectra in Figure@ Clearly the (1,1), (1,2), and (2,1) modes, and to a lesser degree the (2,2) mode,
represent a majority of panel vibrational motion. Comparing the untripped case of the 38° ramp to the tripped case, we
see the dimensionality of the SWBLI doesn’t affect the primary panel response (i.e., the same four modes contain a
majority of the vibrational power). We do note that the spanwise aligned modes in the tripped case appear to show
evidence of increases excitation compared to the untripped case, especially noticeable for the (2,2) mode near f =~ 1500
Hz and the (3,2) mode near f ~ 2300 Hz. Given the underlying base state of the panel is changing, we inspect for shifts
in the modal power throughout the test time by examining the AP as a function of vibrational frequency in Figure 20p.
Having shown in Figure[T6|that the first three modes are severely affected by stiffening effects from growing quasi-static
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Fig. 20 (a) Initial modal power (solid markers represent half-tripped cases, open face markers represent the
untripped case) and (b) shift in the modal power, both for the various ramp angles as functions of the initial
vibrational frequency of each mode.
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internal stresses, it follows that these modes shapes also experience a damping in their vibrational response. Conversely,
we note the modes which experienced decreases in frequency as the panel heats (i.e., (2,2), (2,3), and (3,2)) showed an
increase in vibrational power through the recording time; this is likely due to the reduction in stiffness experienced by
these modes due to the thermal softening effects. Finally, those modes which displayed negligible frequency shifting
(namely, (1,3), (3,1), and (4,1)) also displayed minimal changes in their vibrational power. We see the shifts in modal
power is generally more pronounced for the half-tripped SWBLI case, which as we will see, experiences a larger change
in quasi-static deflection throughout the test time.

The evolution of the total vibratory power of the panel for each ramp angle (and both the half-tripped and untripped
cases) is examined in Figure [21] as a function of the maximum quasi-static deflection of the panel. To calculate this
quantity, A, we have summed the short-time SPOD eigenvalues between 300 Hz and 8000 Hz, subtracted the noise floor,
normalized by the number of marker points, and taken the square root. As might be expected from our earlier results,
A grows monotonically with ramp angle, suggesting that the overall increasing mechanical loading for the stronger
SWBLI tends to dominate the bulk panel dynamics over any particular targeting of individual mode shapes through
impingement. As we would expect from Figure 20, the untripped SWBLIs on average produce slightly higher levels of
A. From Figure we found the three lowest-frequency modes represent a majority of panel motion; given two of those
modes ((1,1) and (2,1)) are streamwise aligned, this may indicate that the more span-uniform two-dimensional SWBLI
gives more favorable loading conditions to excite these two modes, producing an elevated response as compared to the
three-dimensional SWBLI. Similarly, from Figure 20p we would expect a general decrease in the average vibratory
amplitude over time, and indeed this is what we see, indicating that deflection-induced stiffening dominates any thermal
softening effects on the overall panel motion. In comparison to experiments at Mach 10 in ref. [[10], here we find panel
vibrations that are on average higher for similar ramp angles, likely due to the lesser quasi-static deflections at the
present case, and thus lesser curvature induced stiffening to the panel.
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Fig. 21 Evolution of the average frequency-integrated vibratory amplitude derived from the SPOD eigenvalues
(solid lines represent half-tripped case, dashed lines represent untripped case).

F. Modifications to Mode Shapes

Having characterized the temporal evolution of the modal vibrational characteristics, we end with a discussion of
the mode shapes that exhibited spatial distributions deviating from clamped plate theory. In Figure[IZk, the antinode
location on the the non-tripped side of the plate lies where we would expect, whereas on the tripped side it is moved
further upstream to be centered near x/L =~ 0.4. Similar behavior was observed for all separated-flow cases, but it was
most apparent for the § = 38° case. A possible explanation for this is that, as the tripped side of the plate heats more
quickly, the non-uniform thermal stress distribution influences the modal spatial distribution. To assess if this is true, we
again employ the short-time SPOD algorithm to visualize the evolution of the (1,2) mode shape throughout the test
time. Making use of the IR data, we can map these mode shapes to the temperature difference between the tripped
and untripped sides, defined as 6Tspan = Ty/s=0.25 — Ty/s=—0.25; We choose these values at the x/L = 1/3 streamwise
location. Relevant results are plotted in Figure 22} with the maroon marker denoting the estimated antinode locations.
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As the spanwise temperature gradient increases we clearly see that the tripped-side antinode moves further upstream,
while the non-tripped side antinode remains stationary. One other possible explanation for this behavior, noting that the
vibrational frequencies of the (1,2) and (2,1) modes are fairly close and increase at similar rates throughout the recorded
test time, is an interaction between these two modes. In Figure @ we thus employ the analytical mode shapes for these
two modes to derive the combined mode shape. This combined mode shape indeed shows significant movement of
the antinode locations; however, upstream motion on one side is balanced by downstream motion on the other, which
deviates from the experimental observations. We thus conclude that the movement of the tripped side antinode location
is more likely due to the spanwise temperature gradient and note also that this shift is towards the area of the panel
which experiences the highest temperatures, and thus the largest degree of thermal softening. We notice a somewhat
similar phenomenon with the (2,2) mode, where again the antinode peaks on the tripped side of the plate are shifted
slightly upstream, though the shifting was not as apparent as it is for the (1,2) mode. In all experiments, nothing of this
nature occurred for modes with no spanwise antinodes (namely the (m,n=1) modes), indicating the asymmetric SWBLI
aero-thermal loading was the influencing factor for this mode shape modification.

f =0.968 kHz; 0T —=3.71 K| £ =0.999 kHz; 6T —=6.50 K| f =1.059 kHz; 6Tupan =9.53 K

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
x/L x/L x/L

@ | (b) ©

=112 kHz; 0Typm =12.56 K| 7 =115 kHz; 0Tspm =12.96 K] “°[[(12) & (2,1) Theorctical Combined Shapd

y/L
y/L

02 0.4 06 08 1
x/L

(d)

0 02 04 06 08 1
x/L

(®

Fig. 22 (a-e) Evolution of the observed (1,2) mode shape as the spanwise temperature gradient, 675,,, increases
in the 0 = 38° experiments. (f) Theoretical combined mode shape between the (1,2) and (2,1) modes.

IV. Conclusions

There is a need to characterize the fluid-thermal-structural interactions that take place at hypersonic speeds in order
to inform better design of reusable hypersonic vehicles. Given a real vehicle can potentially experience nonuniform
boundary-layer transition, it is also of interest to characterize the FTSI for asymmetric aero-thermal loading conditions.
In this work, the response of a clamped thin panel to a Mach-6, ramp-induced SWBLI has been experimentally
characterized for a variety of ramp angles (10°, 20°, 30°, 34°, and 38°), under non-uniform streamwise and spanwise
aero-thermal loads. Measurements of the underlying SWBLI flowfield using self-aligned focusing schlieren showed the
SWBLI at the centerline to vary from attached at 10° to fully separated for 6 > 30°. IR thermography detailed the
spatial-temporal thermal loading across the compliant panel and the clamped boundaries, providing insight into the
degree of thermal strain introduced for each ramp angle and flow condition. Fast-response pressure transducers showed
the spectra of the fluid loading and found that for all ramp angles and both flow conditions, elevated unsteadiness was
observed in the frequency range of the compliant panel natural structural modes. The presence of the boundary-layer
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trips was found to produce a spanwise non-uniformity in the mechanical and thermal loading, which resulted in higher
levels of pressure unsteadiness and heating on the tripped half of the plate. For some compression angles, this resulted
in spanwise temperature differentials as high as 20 K.

When combined with a Spectral Proper Orthogonal Decomposition analysis, the applied high-accuracy photogram-
metry technique allowed both the frequencies and out-of-plane displacement distributions of the dominant panel modes
to be uncovered under the various conditions. For all cases the regular (m,n) mode shapes from classical plate theory
were present and dominated panel motion, though they were found to lie at somewhat higher frequencies than determined
through pre-tunnel modal testing, likely due to the growing static deflections experienced throughout each test. Further,
select modes experienced spatial modifications to their mode shapes, likely due to the spanwise temperature gradients on
the panel. Noticeable shifts in frequency were observed during the recorded test time, indicating that the already complex
fluid-structural interaction induced by the SWBLI becomes more involved when considering the heating-induced
transient shifts in the modal vibrational frequencies. The spatial-temporal surface stresses were computed and used
to provide a proxy for the level of stiffening present in each mode. It was found that modes containing the highest
normalized internal stresses tended to increase in vibrational frequency and decrease in vibrational power, whereas
modes with the lowest stresses exhibited opposite behavior. These noticeable changes to the vibrational characteristics
have meaningful implications for both potential flow feedback as well as long-term panel fatigue considerations. These
stresses were tied to static deformations, likely caused by compressive thermal and normal strains, and affected primarily
lower-frequency modes. The downward frequency shifting, more prevalent among higher-frequency modes, appeared
instead to be linked to thermal softening from panel heating. Comparisons were made between the present half-tripped
SWBLI cases and experiments on the same model with an untripped flow. We generally found the half-tripped case to
preferentially favor excitation of spanwise aligned mode shapes (such as the (2,2) mode), though the three-dimensional
SWBLI produced a lesser overall vibrational response.
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