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Efficient orbital launch vehicles require a weight-optimized structure that can reliably withstand 
severe aerothermodynamic loads. The relevant loads, which are crucial for the design of such 
light-weight structures, can depend on the interaction of the thermal and deformation state of the 
structure with the surrounding flow field. This is referred to as Fluid–structure interaction (FSI). 
The reliable prediction of these loads is difficult, both for simplified engineering models and high- 
fidelity models, because such FSI problems are typically non-linear and, in many cases, 
dependent on turbulence. To improve fundamental understanding of such problems and to 
provide validation and reference data for modelling, a set of wind tunnel experiments was 
conducted where thin elastic panels were subjected to super- and hypersonic flow conditions 
ranging from cold conditions at high Reynolds numbers to high-enthalpy conditions. The 
experiments were conducted in the wind tunnels TMK, H2K, and L3K at DLR, Cologne. The 
observed behaviors of the panels include structural dynamics driven by the intrinsic dynamics of 
Shock-wave/boundary-layer interaction (SWBLI) and also by prescribed incident shock 
movements, panel flutter with and without SWBLI, and thermal buckling, in some cases with 
plastic effects. Cases combining both temperature- and pressure-driven effects were used to 
study the influence of the thermal and buckling state of the structure on structural dynamics. The 
experiments were accompanied by reference measurements on rigid wall structures to 
characterize thermal and pressure loads. The results of this study enabled a detailed analysis of 
the behavior of structures in super- and hypersonic flow environments, and also their influence 
on the flow field. Several data sets from these experiments have already successfully been used 
for comparison to numerical simulations. 
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Experimentelle Untersuchung von Strömung-Struktur-Wechselwirkung in 
Überschallströmungen für zukünftige Raumtransportsysteme 
Dissertation RWTH Aachen 

 
Für den Bau effizienter Trägerraketen werden gewichtsoptimierte Strukturen benötigt, die 
zuverlässig extremen aerothermodynamischen Lasten standhalten. Diese Lasten, die für die 
Auslegung solcher Leichtbaustrukturen ausschlaggebend sind, können von Wechselwirkungen 
zwischen Deformation und Temperatur der Struktur und der umgebenden Strömung abhängen. 
Dies wird als Strömung-Struktur-Wechselwirkung (FSI) bezeichnet. Die zuverlässige Vorhersage 
der resultierenden Lasten ist sowohl bei vereinfachter als auch bei detaillierter Modellierung 
schwierig, weil FSI typischerweise nichtlinear und in vielen Fällen turbulenzabhängig ist. Um das 
grundlegende Verständnis solcher Probleme zu verbessern, und um Validierungs- und 
Referenzdaten für die Modellierung bereit zu stellen, wurden Experimente an dünnen elastischen 
Platten in Über- und Hyperschallströmungen durchgeführt. Die Strömungsbedingungen reichten 
von kalter Strömung bei hoher Reynoldszahl bis hin zu Hochenthalpieströmung. Diese 
Experimente wurden in den Windkanälen TMK, H2K und L3K des DLR in Köln durchgeführt. Das 
beobachtete Verhalten der Platten beinhaltet Strukturdynamik, die von der intrinsischen Dynamik 
von Stoß-Grenzschicht-Wechselwirkung (SWBLI) oder von vorgegebenen Bewegungen eines 
einfallenden Stoßes verursacht wird, aber auch Flattern mit und ohne SWBLI sowie thermisches 
Beulen, in einigen Fällen mit plastischer Deformation. Fälle, in denen gleichzeitig temperatur- 
und druckabhängige Effekte auftreten, wurden genutzt, um den Einfluss thermischen Beulens 
auf die Strukturdynamik zu untersuchen. Diese Versuche wurden ergänzt durch 
Referenzversuche zur Bestimmung von Temperatur- und Drucklasten an starren 
Referenzstrukturen. Die Ergebnisse ermöglichten eine detaillierte Analyse des Verhaltens von 
Strukturen in Über- und Hyperschallströmungen und derer Effekte auf das Strömungsfeld. 
Datensätze aus mehreren Experimenten wurden bereits erfolgreich zum Vergleich mit 
numerischen Simulationen verwendet. 
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1 Introduction

Improving reliability and affordability of access to space is crucial for increasing hu-
manity’s space capabilities, ranging from earth-centered services such as navigation,
communication, climate monitoring, and manufacturing to science and exploration within
and beyond the solar system. Progress towards this goal can be made by improved design
of expendable vehicles like Ariane 6, partial reuse as in the case of Falcon 9 and Electron,
or full reuse including recovery of the upper stage. The most promising effort to achieve
the latter is the SpaceX Starship currently under development (Fig. 1.1, [120]). One
of the most notable previous attempts, the X-33 (Fig. 1.2), proceeded to an advanced
stage of development [181] before the program was cancelled. The iconic Space Shuttle
achieved many years of service but fell short of practical reusability due to immense
requirements for overhaul between flights [18, 105].

These types of vehicles require a minimum-weight exterior shell, including control
surfaces and propulsion components, which has to reliably withstand a broad range
of aerothermodynamic loads. For reusable vehicles, it additionally has to withstand
repeated load cycles from ascent through atmospheric entry to landing. The design of
such structures depends on detailed knowledge of these loads.

For the prediction of these aerothermodynamic loads and resulting requirements for
vehicle structures, it is crucial to understand the interdependency of the thermal and
deformation state and dynamics of the structure with the surrounding flow field. This
interdependent behavior is called Fluid–structure interaction (FSI). Failure to appropri-
ately address these issues can render design solutions impossible or lead to structural
failures on flight vehicles (e. g. [44, 86, 97, 166]).

The behavior of such structures depends on a number of partially interdependent
factors:

• The mechanical behavior of a structure depends on its mass, stiffness, and damping,
which has to be considered in conjunction with mounting and support structure.

• For high-speed vehicles, typically the thermal state of the structure is of central
importance. The thermal state of the structure results from its thermal properties,
and from heat transfer to and from the flow field as well as the internal substructure
[8]. This in turn affects the properties of the structure, which can result in changed
stiffness and deformation altering the dynamic behavior [95] and heat transfer [93].

• Certain combinations of dynamic pressure, panel mass, and stiffness can lead
to self-excited oscillations of surface panels called flutter [41]. Panel flutter is
strongly dependent on in-plane loading, which can be connected to the thermal
state of the structure or mechanical loads from the vehicle (e. g. [123]). Both
factors can facilitate or inhibit panel dynamics. Flutter also occurs in cases with
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1 Introduction

Figure 1.1: SpaceX Starships (Photo by SpaceX CC BY-NC 2.0 [148])

an aerodynamic shock impinging on a panel, which has been shown to lower the
required dynamic pressure for the onset of flutter in some cases [161]. Furthermore,
flutter is influenced by the state of the boundary layer or Shock-wave/boundary-
layer interaction (SWBLI) [40, 162].

• A buckled structure can have more than one equilibrium position. In such cases,
external loading can lead to a dynamic change between these states referred to as
snap-through [90, 150], which can alter the flow field, heat transfer, and dynamic
properties of the structure.

• Turbulence and SWBLI impose dynamic loads on the structure [16, 38, 107].
Furthermore, the state of the boundary layer or SWBLI has a large impact on heat
transfer (e. g. [67, 139, 170]) and thus again the thermal state of the structure. In
turn, the thermal state of the structure as well as static and dynamic deformation
both influence the behavior of the flow field [128, 146, 164].

Given these interdependencies, it becomes obvious that the behavior of FSI can be
strongly path-dependent or non-linear. This is especially complicated in cases that
include turbulence-driven flow features that can drastically alter heat transfer as well as
pressure loads.

Thus, FSI poses a complex challenge for the design of vehicle structures. Potentially
opposing requirements arise if a broad range of flight conditions needs to be covered,
e. g. large dynamic pressures and large heat loads occurring during different parts of the
trajectory. Also, it is not necessarily apparent which combinations of loads and conditions
of the structure can be considered worst cases, e. g. the combination of maximum heating
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(a) TPS panels mounted on F-15B for in-flight Fluid–structure interaction
(FSI) testing

(b) Reusable orbtial launch vehicle concepts

Figure 1.2: X-33 (Photos courtesy of NASA)
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1 Introduction

and maximum dynamic pressure may well not be the worst case in terms of structural
dynamics as heating may both inhibit or enable dynamic behavior of the structure.

Suitable modelling is needed that is both reliable and feasible in terms of computational
resources. However, currently neither simplified modelling nor models using Large eddy
simulation (LES) or Direct numerical simulation (DNS) can fully and reliably predict
all relevant FSI cases. The former omits physical phenomena that can influence the
resulting behavior. The latter, while in principle capturing the underlying physics at the
required level, is usually too computationally expensive for use beyond a very limited
range of generic cases. Therefore, experiments are crucial to further advance fundamental
understanding and validation of modelling in this area. Only very few studies are
currently available.

The present effort, based within the Collaborative Research Center “Technological
Foundations for the Design of Thermally and Mechanically Highly Loaded Compo-
nents of Future Space Transportation Systems” (SFB TRR 40) [68, 69] of the Deutsche
Forschungsgemeinschaft (DFG), aims at making a contribution in this area by conduct-
ing experimental studies of fluid–structure coupled problems to help understand the
fundamental processes and gain experience with structures under such conditions as well
as to provide reference or validation data for numerical simulations.

1.1 Previous Work

1.1.1 Documented Examples of FSI on Flight Vehicles

Examples of structural damage on flight vehicles were documented for the X-15, a
hypersonic rocket-powered research aircraft. Melting damage due to enhanced heating
near incident shocks was reported in [166], thermal buckling occurred near the wing
leading edges [154]. Fatigue cracks were found on surface panels due to flutter occurring
in flight, which was also reproduced in wind tunnel tests [86].

An Ariane 5 was lost due to insufficient load definition in the nozzle area. This resulted
in the rapid destruction of the main engine nozzle including buckling of cooling channels
that define the shape of the nozzle contour [44, 97].

It is also interesting to look at the development of the SR-71, the fastest piloted air-
breathing aircraft ever made, cruising in excess of Ma = 3, for which, to the author’s
knowledge, no FSI-related failures were reported. In the development phase, extensive
thermomechanical testing was conducted, some of it even using full size vehicles [85,
117]. The lower fuselage of the retired vehicles shows large panel deformation (Fig. 1.3,
[150]).

Structural dynamics measurements of interstage adapters from three flights of Atlas-
Centaur were reported in [104]. It was concluded that probably no panel flutter occurred
and that the “high degree of skin oscillation” observed during these flights resulted
from aerodynamic excitation. Interestingly, in a related study presented in [121], even
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Figure 1.3: SR-71 surface panels (Photo by the author)

a cryogenic tank was included in a wind tunnel flutter investigation to assure suitable
boundary conditions.

Similarly, significant surface pressure fluctuations at lift-off through the transonic well
into the supersonic part of the trajectory of the first flights of the Saturn V were reported
in [99]. Surface panels had been subjected to full scale wind tunnel tests where flutter
was obtained for some conditions inside the flight envelope. Compressive loading as it
would be imposed from the full vehicle was also taken into account [123, 132].

While no complete X-33 vehicle was ever flown, it is interesting to note that orbital
reentry Thermal protection system (TPS) panels were tested in a low-altitude supersonic
flow environment by mounting them on a F-15B supersonic jet (Fig. 1.2a). These
investigations even included incident shock loads [181]. Unfortunately, no test data was
published.

1.1.2 Thermal Effects

Heat transfer in boundary layers has been thoroughly investigated for decades [139]. The
possibly most challenging aspect troubling high-speed vehicles is the large difference in
heat transfer between laminar and turbulent boundary layers, because the transition from
a laminar to a turbulent state is still not reliably predictable. Additionally, this process
can locally enhance heat transfer beyond the level of a turbulent boundary layer [170].
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A further complication occurs in cases with SWBLI, which can drastically enhance local
heat transfer (e. g. [67, 74, 101, 140]). The behavior of a SWBLI depends on the state of
the incoming boundary layer (e. g. [178]) amplifying the uncertainty caused by unreliable
predictions of the state of the boundary layer. Furthermore, SWBLI heat transfer in cases
involving turbulence is only well predicted by computationally very expensive high-fidelity
methods such as LES and DNS but not by simpler Reynolds-averaged Navier–Stokes
equations (RANS)-based simulations [38, 52]. Additionally, several studies have shown
effects of the wall temperature on the size of SWBLI-induced flow separation [84, 163,
164], which can change the resulting heat transfer and pressure loads.

At sufficiently high temperatures, effects such as chemical non-equilibrium and catalytic
effects on the wall might need to be considered [79]. Thermally coupled hypersonic
FSI cases with laminar boundary layer were investigated in [174, 176]. Heating of rigid
Carbon fibre reinforced ceramics (C/C-SiC) structures in a high-temperature hypersonic
flow environment was measured in an arc-heated hypersonic wind tunnel and compared
to thermally coupled simulations. Despite generally good agreement, experimentally
observed transient changes in heat transfer could not fully be reproduced. These
differences were attributed to insufficient modelling of catalytic effects on the model
surface.

The effect of similar flow conditions on a thin metallic panel was experimentally and
numerically investigated in [73, 124], showing significant thermal buckling. This included
plastic effects and led to local increases in heat transfer due to the deformation of the
structure. The heat flux augmentation for a similar configuration had previously been
demonstrated in [57]. Rigid structures with dome-shaped protuberances were used as
a model for a deforming TPS panel. This resulted in heat flux augmentations of up to
30 %. Notably, maximum heat transfer augmentation was obtained for a transitional
boundary layer. These studies, along with numerical investigations in [72, 93, 94, 157],
demonstrate the strong interdependence of heat transfer and structural deformation
that makes coupled treatment of these problems inevitable for reliable predictions of
temperature and deformation of the structure. An interesting complement to these
studies, but without flow field, is found in [46], where the thermal buckling behavior
of similar structures was investigated experimentally. The study shows the effects of
localized heating on deformation patterns.

1.1.3 Flutter

Flutter of panel configurations in supersonic flow is well understood with regard to its
onset for simple panel cases without incident shock [41, 116]. The situation becomes
more complicated when the effects of boundary layers are taken into account. In [40],
damping effects stemming from the boundary layer were observed, whereas later studies
found both stabilizing and destabilizing effects [1, 71]. The influence of in-plane loads
obtained from aerodynamic heating of panels was studied experimentally in [145] and
theoretically in [160]. In these experiments, panels were heated by the airflow, leading to
buckling. In most cases, flutter occurred before buckling of the structure and subsided
eventually because of the stiffening of the structure due to buckling. However, no full
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time-resolved data set was included. Similar results were also reported in [95]. In most
other studies, the observations were limited to obtaining the conditions for flutter onset.
A rare exception is the study in [89], which was specifically aimed at measuring flutter
dynamics. It was found that in-plane compressive loads could reduce the dynamic
pressure required for flutter onset in some cases by 75 %, whereas even a small rise in
pressure differential significantly stiffened the panel. Thermal effects were not considered
and compressive loads were applied by the experimental setup. However, heating would
induce in-plane stresses in a similar way.

The influence of an incident shock on panel flutter was numerically investigated in [161,
162], showing that the dynamic pressure required for flutter onset could be strongly
reduced for configurations with a strong shock, while a weaker shock could suppress
panel flutter by stiffening the structure through added deformation. In some cases, the
presence of a laminar boundary layer was shown to drastically increase flutter amplitudes
for an incident shock configuration compared to an inviscid configuration [9].

The first published case known to the author with full data not only on the onset but
also on the panel dynamics during flutter with and without shock generator, including
thermal effects was reported in [150]. The results highlight the strong dependency of
the observed panel dynamics on the thermal state of the structure. One case from that
study without shock generator was numerically modelled in [55], using a low-fidelity
simulation, which yielded good agreement given the limitations of the approach.

1.1.4 Snap-Through

A buckled panel may have several equilibrium positions. Aerodynamic loads can cause
a dynamic change between these, which is referred to as snap-through. Reference
experiments without flow field were conducted in [46, 90, 171]. In configurations with
airflow, this behavior was observed in [10, 150, 151]. It can both manifest in a singular
change of panel deformation or sustained oscillations. Interestingly, the latter case as
observed in [10] showed chaotic flutter of the structure that could be reproduced in
a simulation without consideration of turbulent effects [12]. However, the authors of
that study suggest that some instances observed in [150] may be driven by turbulent
aerodynamic loads. Generally, such behavior strongly depends on thermal or vehicle-
induced in-plane loads as well as pressure dynamics or excitation from the vehicle [118].
The existence of FSI cases with chaotic structural dynamics for inviscid flow has been
predicted in [41, 43].

1.1.5 Turbulent Effects and SWBLI Dynamics

A notable example of the actual loads in a relevant environment was provided in [107]
where boundary-layer noise on a X-15 was measured at various locations on the vehicle
and during various parts of the trajectory. Pressure dynamics of up to 150 db were found.
Early ground experiments were reported in [16, 110, 111] where the response of wall
panels to attached or separated boundary layers was studied, showing that the presence of
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SWBLI can significantly increase panel dynamics compared to cases with an undisturbed
boundary layer. Besides thermal aspects, the most striking feature of SWBLI is that it
can produce low-frequency pressure oscillations in the order of about 100 Hz–1000 Hz [14],
which is also a typical range for eigenfrequencies of vehicle structures. While this is a
well-known occurrence, the underlying dynamics are still not fully understood. In various
studies, the properties of the SWBLI dynamics were attributed to upstream disturbances
or the properties of the separation itself (see [131] for a detailed discussion). A numerical
study of the interaction of these effects with an elastic structure inevitably requires
LES or DNS approaches that can reliably predict such dynamics whereas RANS-based
approaches do not resolve the dynamics of the SWBLI flow field [78].

The effect of a turbulent SWBLI with large separation on FSI was studied experimentally
in [174, 177], showing excitation of the structure linked to the dynamics of the flow
separation and also a feedback of panel oscillations into the flow field most notably
detectable in downstream pressure measurements. A similar configuration was also used
in [150]. For this case, differences between experiment and simulation were observed
that were assumed to be caused by the SWBLI dynamics not included in the modelling
[58, 59]. Similar discrepancies were also reported for a later modelling effort in [11]. It
was shown in [159] that excitation of some modes of an elastic panel was stronger in
presence of the SWBLI. A ramp configuration was used in [169] to induce SWBLI on an
elastic panel. For this configuration, it was found that the size of the separation changes
the frequencies occurring in the observed panel dynamics. Furthermore, a feedback of
the panel dynamics into the flow field was found, similar to results for incident shock
configurations in [150, 174].

A number of works aim to use the apparent interdependency between panel deformation
and SWBLI dynamics to favorably influence dynamic pressure loads. An interesting
example was provided in [133], where a compliant rubber insert was used to reduce
SWBLI dynamics. In [64], a deformable wall was set to various static deformation shapes
to reduce observed shock dynamics.

A FSI-coupled numerical study using DNS in [146] showed another intricate way in which
structural dynamics can feed back into the flow field. For a configuration with transitional
SWBLI, FSI was shown to promote laminar–turbulent transition of the boundary layer.
The influence of wall vibrations on boundary-layer transition was also discussed in [50,
51]. Furthermore, it was shown in [13] that intermittent turbulent spots can be used to
excite a structure, leading to structural responses which greatly exceeded those with a
laminar boundary layer.

Studies directly related to or based on the present results [81, 130, 131, 185] will be
discussed in Chapter 2.

1.1.6 Scaling and Application

Typically, wind tunnel tests cannot fully match flow conditions and geometrical dimen-
sions of vehicle structures. However, there are exceptions, perhaps most notably, in the
development of the Saturn V where full-size segments were FSI-tested [123]. For more
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humble endeavours, this leads to the question how smaller wind tunnel models relate to
flight-size vehicles and respective flow conditions.

Engineering approximations are available to estimate surface pressure dynamics for
various flow configurations appearing on launch vehicles that can be scaled with free
stream dynamic pressure [45]. Similarly, wind tunnel dynamic wall pressure measurements
can be scaled with wind tunnel and flight dynamic pressure, for example as done in [76,
153] during development of the Space Launch System (SLS). However, these approaches
do not include any influence of the structure on the flow field.

Simplified modelling allows to obtain flutter boundaries depending on dynamic pressure,
Mach number, and structural properties [40]. This enables some degree of scaling, in-
cluding estimates of flutter amplitudes. But these approaches are limited to cases where
the static and dynamic structural behavior do not depend on detailed knowledge of aero-
dynamics. Shock waves, flow separation, localized heat transfer, and turbulence-related
dynamics, all commonly occurring during the flight of supersonic vehicles, complicate
matters considerably.

For all cases where these simplified methods may fail, more detailed modelling that
reproduces the relevant features of the respective FSI configuration is essential. The main
purpose of the present study is to improve understanding of the underlying processes,
provide reference and validation data for modelling, and to clarify what level of fidelity is
required to capture various FSI effects as well as to understand related uncertainties.

Increased life time of reusable vehicles and related life-time prediction will place stricter
requirements on reliability of such modelling than previously necessary for expendable
vehicles. Additionally, such vehicles require suitable Structural health monitoring (SHM)
systems [56, 112, 142] that reliably work in an exceptionally broad range of ambient
conditions where temperature changes and unsteady pressure loads pose particular
challenges [34, 37, 119, 180]. Furthermore, only little flight or ground test data is
available for development and testing of such systems [87].

It should also be noted that the structures considered in the present work are quite
similar in size to actual flight vehicle structures regarding the free panel area between
mounting or support structure (e. g. in case of the SR-71 in Fig. 1.3 or X-33 [127]). This
means that some observations made in the present study may in fact be quite similar to
effects observed on flight vehicles.

1.2 Scope of the Present Work

Given the complex interdependencies between fluid and structure, and the limitations of
present modelling approaches, two crucial areas were identified: Thermal effects on static
and dynamic deformation, and the effects of the SWBLI. The scope of the present work
is to explore configurations where simplified scaling or modelling fails by conducting
extensive experimental studies to improve fundamental understanding of such problems,
and to provide reference and validation data for modelling.
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Points of particular interest are:

• Structural dynamics of panel flutter in hypersonic flow, including in particular
the effect of an incident shock that was predicted to facilitate flutter in cases
where it would not occur without incident shock based on numerical simulations of
simplified cases at lower Mach number in [161, 162]

• FSI effects of intrinsic low-frequency SWBLI dynamics, complementing previous
observations of such effects at lower Mach number with incident shock configurations
[58, 59, 174] or in hypersonic flow, using a ramp configuration [169], where an
influence of intrinsic SWBLI dynamics on structural dynamics was found

• Effects of a moving incident SWBLI on an elastic panel

• Thermal effects that influence the dynamic behavior of the structure, leading to
changes in the occurring frequencies as well as influencing the onset and stop of
flutter, complementing results that were either obtained at lower Mach number
[150] or for ramp configurations [169]

• Large amplitude buckling in a high-enthalpy environment with plastic deformation
adding to previous experimental studies in [57, 124] to obtain time-resolved full-field
data both on surface deformation and temperature

This work is structured into three main chapters on the results of the three considered
experimental setups. Chapter 2 describes experiments on the effects of intrinsic and
prescibed SWBLI dynamics on FSI in supersonic flow focusing on the resulting structural
dynamics, whereas Chapter 3 presents FSI cases in hypersonic high-enthalpy flow primarily
driven by aerothermal heating, leading to buckling of the structure. Chapter 4 combines
aspects of both with experiments in hypersonic flow at moderate temperature where
thermal effects, SWBLI-dynamics, and flutter can be observed. These chapters can be
read independently. However, all chapters contain cross-references in the respective
discussion of the setup and the results.

Some of the outcomes have already been used for comparison to simulations [81, 82, 113,
114, 128, 130, 131, 182, 183, 185]. Comments on the various approaches and results are
included in the relevant chapters.

1.3 Previous Publications of the Present Work

Parts of the work presented here have previously been published.

Peer-reviewed journals:

• Daub, D., S. Willems, and A. Gülhan, “Experiments on the Interaction of a Fast-
Moving Shock with an Elastic Panel”, AIAA Journal, vol. 54, no. 2, pp. 670–678,
2016. doi: 10.2514/1.J054233
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Technische Universität München, 2014, pp. 305–314

• Daub, D., S. Willems, A. Gülhan, and B. Esser, “Experimental Results on Fluid-
Structure Interaction excited by an Incident Shockwave on an Elastic Panel”,
in SFB/TRR40 Annual Report, Stemmer, C., N. A. Adams, O. J. Haidn, R.
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2 Supersonic Incident SWBLI and FSI

This chapter contains an experimental study on the interaction of a supersonic flow field
including incident SWBLI with an elastic panel structure. Furthermore, a rigid reference
case was investigated to provide measurements of static and dynamic wall pressures. The
setup was developed in parallel to the LES by Pasquariello [128]1 and has already been
used as reference for several other numerical studies [81, 82, 182, 183, 185]. For the FSI

experiments, the setup was designed to enable configurations with initially undeformed
panel and subsequent high-speed loading, and configurations with steady incident shock
position. The former was intended to obtain large amplitude oscillations from known
initial conditions in a time frame accessible by LES calculation, the latter to yield results
on a case where FSI dynamics are mainly driven by the intrinsic dynamics of the SWBLI

at constant position of the incident shock.

The experiments were based on previous work by Willems et al. [177]. The experimental
setup was substantially improved with regard to instrumentation and properties of the
flow field. This made it possible to obtain detailed high-speed wall pressure measurements
for incident SWBLI, and measurements of structural dynamics of a FSI configuration in
a predominantly two-dimensional flow field with and without high-speed movement of
the shock generator.

This chapter is based on previous publications by the author in [23, 24, 29–31]. Section 2.3
contains comments on the various related works on numerical simulation of this problem
[81, 82, 128, 130, 131, 182, 183, 185].

2.1 Experimental Setup

2.1.1 Trisonic Wind Tunnel TMK

To obtain supersonic flow conditions at high Reynolds numbers, the experiments were
conducted in the Trisonic Wind Tunnel TMK of the Supersonic and Hypersonic Technol-
ogy Department at Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR), Cologne
(Fig. 2.1, see [49] for a detailed facility description). TMK is a blow-down facility with a
Mach number range of 0.5 to 5.7. The Reynolds number can be varied by using a heater
or adjusting total pressure. The pressure range can be extended by using an ejector
system. The heater is also required to prevent condensation at high Mach numbers.
The test section has a rectangular cross section of 0.6 m× 0.6 m. The nozzle contour is

1This reference includes a detailed discussion on the relevance of this configuration for FSI in rocket
nozzles.
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2 Supersonic Incident SWBLI and FSI
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Figure 2.1: Trisonic Wind Tunnel TMK at DLR, Cologne

variable and can be altered during the wind tunnel run. For transonic flow, a special
test section with perforated walls has to be used.

The flow conditions used are given in Tab. 2.1. Free stream conditions were calculated
based on the measured total conditions using isentropic equations [47]. Viscosity was
calculated using a power-law approximation for low temperatures [79]. The molar gas
constant was used according to [15] and the mean molecular weight of dry air was used
as stated in [79]. The turbulent intensity is 1.9 % in the direction of the flow, and 2.3 %
in the orthogonal direction based on Laser-2-Focus velocimetry measurements [174].

2.1.2 Wind Tunnel Model

The previous studies by Willems [174] and Willems et al. [177] yielded significant three-
dimensional effects in the flow field, stemming from the three-dimensional nature of the
impinging shock which was strongly curved even in the center of the test section. For
comparison to LES simulations, a two-dimensional case was required because of the large
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2.1 Experimental Setup

Table 2.1: Flow conditions

Ma p0 T 0 p∞ T∞ u∞ Re∞

3.0 582 kPa 274 K 15.6 kPa 97.2 K 595 m/s 48.6 · 106 /m
4.0 1374 kPa 274 K 8.7 kPa 64.5 K 649 m/s 67.3 · 106 /m

Shock generator

Elastic panel

α

x

z

Figure 2.2: Wind tunnel model in the TMK test section

computational cost of such calculations that allow only a quasi two-dimensional slice
of the experiment to be taken into account. As wind tunnels have finite dimensions, it
is not possible to fully eliminate three-dimensional effects. However, three-dimensional
effects for such a configuration can be reduced by maximizing the width of the shock
generator (e. g. [165]). The outcome was evaluated by the comparison of wall pressure
measurements on and off the centerline of the wind tunnel model (Section 2.2.1).

Similarly to many previous SWBLI studies (e. g. [135, 141, 178]), the elastic insert
was chosen to be mounted in a flat plate dividing the wind tunnel flow field. For the
present experiments, a comparison to LES was planned from the outset and thus a well
defined geometry that facilitates the simulation of the boundary layer from its origin
was chosen. The other common approach of mounting the panel in the wind tunnel
wall has considerable advantages concerning the elastic structure, because it makes the
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2 Supersonic Incident SWBLI and FSI

Figure 2.3: Drawing of the wind tunnel model in the TMK test section (all measures
in mm)

panel easily accessible for instrumentation (e. g. [149, 152]), and eliminates effects of a
small cavity underneath the panel [42]. Choosing the wind tunnel wall means that the
panel interacts with the wind tunnel wall boundary layer, which in some cases might be
considered beneficial if a boundary layer of maximum thickness is desirable. However,
the reproduction of the boundary-layer properties may be more complicated. To allow
comparison of the FSI case to LES, the elastic panel was mounted on two sides to keep
its behavior as two-dimensional as possible.

Based on the above considerations, the splitter plate and insert by Willems et al. [177] was
used. A new shock generator assembly, including a full-span rotatable shock generator
with a high-performance drive, was developed. Figure 2.2 shows the model in the TMK

test section. Figure 2.3 provides the relevant dimensions. The coordinate system used
throughout this chapter is located at the leading edge of the free part of the elastic panel
or the equivalent location on the rigid insert (see Figs. 2.4 and 2.5). Both shock generator
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Figure 2.4: Drawing of the elastic panel insert (all measures in mm)

and splitter plate span the full test section width of 600 mm. The 300 mm× 200 mm
elastic panel (Fig. 2.4) was made of 1.47 mm thick spring steel (CK 75). Leading and
trailing edge were clamped by flush rivets (DIN 661; diameter 2 mm). The sides were
sealed by soft rubber foam placed underneath the panel to prevent leakage.

2.1.3 Actuator

To allow fast changes in shock generator angle, a high-performance drive was used. The
setup is shown in Fig. 2.6. This actuator was chosen to allow high-speed rotation of
20◦ in about 10 ms requiring a torque of about 100 Nm. It can also hold position at
any desired angle and perform continuous rotation at a maximum rotation speed of
6000 1

min
.
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2 Supersonic Incident SWBLI and FSI

Figure 2.5: Drawing of the rigid reference panel insert with pressure sensor positions
(all measures in mm)

2.1.4 Instrumentation, Uncertainty and Data Processing

Flow Conditions

Total pressure (p0) and total temperature (T 0) were measured in the settling chamber
(Fig. 2.1b). The total pressure was measured by GE PMP 4015 pressure sensors with a
range of 1 MPa or 3 MPa with an uncertainty of 0.04 % of their range. The uncertainty
of the Mach number (Ma) is 0.5 % [49]. The total temperature was measured using
a Type K thermocouple with an uncertainty of 0.4 % of the measured temperature.
For unknown quantities, the uncertainty was obtained from an estimated range as
suggested in DIN 1319 [35, 36]. The range of κ was estimated based on tabulated
values in [3, 106]. The range for wind tunnel model misalignment was based on values
typically achieved during the mounting process. The uncertainty of the flow conditions
given in Tabs. 2.2 to 2.5 was evaluated following [134, 174]. For each input quantity,
the absolute value (i), the absolute uncertainty (∆i), and relative uncertainty (∆i/i)
were evaluated regarding their respective contribution to the wall pressure (pw) and
free stream temperature (T∞) or temperature downstream of an incident shock (T 2).
These respective contributions were evaluated numerically and added using the variance
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2.1 Experimental Setup

(a) Position sensor (b) Drive

Figure 2.6: Drive assembly and rotatable shock generator

formula2. As there is no analytical solution for the wall pressure distribution in the
SWBLI, the uncertainty is estimated based on the conditions after an oblique shock
with a turn angle of α = 20◦ for Ma = 3 (Tab. 2.3) and with α = 22.5◦ for Ma = 4
(Tab. 2.5).

Shock Generator Angle

The angular position of the shaft connected to the shock generator was measured by a
Hengstler RI 76TD incremental encoder. It can resolve 40000 increments per revolution
up to a maximum rotation speed of 6000 1

min
, resulting in a resolution better than 0.01◦,

which is an order of magnitude better than the estimated mounting uncertainty, and can
thus be considered negligible.

Rigid Reference Panel

The rigid panel was outfitted with two rows of pressure ports on and off the center line
(Fig. 2.5) to measure the static pressure distribution in the SWBLI. The resulting data
was used to evaluate to what extent the flow field can be treated as two-dimensional. To
obtain high-precision static measurements, the pressure ports were connected to Pressure
Systems, Inc. (PSI) 1615B-TL pressure scanners placed inside the model. For dynamic
pressure measurements, the panel was equipped with Kulite XCQ-62 pressure sensors that
were mounted flush with the surface of the insert. Their positions, which were chosen
to allow a higher resolution in the vicinity of the expected separation shock location,
are also shown in Fig. 2.5. The natural frequency of their sensing diaphragm is 240 kHz.
However, this diaphragm is located a short distance from the sensor surface that is
covered with a “B screen”, a protective screen with small holes which limits the frequency

2in German referred to as Gauß-Verfahren
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2 Supersonic Incident SWBLI and FSI

Table 2.2: Uncertainty estimate of flow conditions upstream of the SWBLI at
Ma∞ = 3.0

p0 T 0 Ma∞ κ α pw T∞

i 582.1 kPa 273.7 K 3.01 1.400 0.00◦ 15.55 kPa 97.2 K

∆i 0.4 kPa 1.5 K 0.015 0.001 0.07◦ — —

∆i/i 0.07 % 0.5 % 0.5 % 0.1 % — — —

∆pi 0.011 kPa — 0.354 kPa 0.019 kPa 0.088 kPa 0.365 kPa —

∆pi/pw 0.07 % — 2.27 % 0.12 % 0.56 % 2.35 % —

∆T i — 0.53 K 0.63 K 0.23 K 0.16 K — 0.87 K

∆T i/T∞ — 0.55 % 0.64 % 0.23 % 0.16 % — 0.89 %

Table 2.3: Uncertainty estimate of flow conditions in the SWBLI at Ma∞ = 3.0

p0 T 0 Ma∞ κ α pw T 2

i 582.1 kPa 273.7 K 3.01 1.400 20.00◦ 58.90 kPa 151.9 K

∆i 0.4 kPa 1.5 K 0.015 0.001 0.09◦ — —

∆i/i 0.07 % 0.5 % 0.5 % 0.1 % 0.43 % — —

∆pi 0.04 kPa — 1.04 kPa 0.14 kPa 0.28 kPa 1.09 kPa —

∆pi/pw 0.07 % — 1.77 % 0.23 % 0.48 % 1.85 % —

∆T i — 0.83 K 0.66 K 0.58 K 0.31 K — 1.25 K

∆T i/T 2 — 0.55 % 0.43 % 0.38 % 0.21 % — 0.82 %

response of the sensor. The study by Hurst et al. [83] with similar sensors indicates that
a flat frequency response can be expected up to about 16 kHz, which makes the sensors
well suited for the intended purpose of studying the low-frequency unsteadiness in the
SWBLI. However, the characteristic frequency of the Turbulent boundary layer (TBL)
(as seen in Pasquariello et al. [131]) cannot be resolved.

For the XCQ-62 sensor, Kulite states a typical combined non-linearity, hysteresis, and
repeatability of 0.1 % of its range, a zero shift of 1.8 %/100 K of its range, and a sensitivity
shift of 1.8 %/100 K of the measured value. For the PSI pressure scanner 1615B-TL, the
manufacturer states an uncertainty of 0.05 % of its range. Uncertainties were added
using the variance formula. For relative measurements, the zero shift was not taken into
account. Thermal effects were calculated based on a temperature change of 25 K. The
resulting values are given in Tab. 2.6. Due to the much lower uncertainty, only the PSI

sensors were taken into consideration for static wall pressure measurements, whereas the
Kulite sensors were used to analyse the dynamics of the SWBLI.

The Power spectral density (PSD) of the measured pressure signals was calculated
following Welch’s method [168], using Hann windows, a block length of 5000 samples,
and an overlap of 0.5. This results in a frequency resolution of 20 Hz.
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Table 2.4: Uncertainty estimate of flow conditions upstream of the SWBLI at
Ma∞ = 4.0

p0 T 0 Ma∞ κ α pw T∞

i 1374.3 kPa 273.9 K 4.03 1.400 0.00◦ 8.69 kPa 64.45 K

∆i 1.2 kPa 1.5 K 0.02 0.001 0.07◦ — —

∆i/i 0.09 % 0.5 % 0.5 % 0.1 % — — —

∆pi 0.008 kPa — 0.236 kPa 0.029 kPa 0.064 kPa 0.246 kPa —

∆pi/pw 0.09 % — 2.72 % 0.39 % 0.74 % 2.84 % —

∆T i — 0.35 K 0.50 K 0.18 K 0.14 K — 0.65 K

∆T i/T∞ — 0.55 % 0.77 % 0.28 % 0.21 % — 1.01 %

Table 2.5: Uncertainty estimate of flow conditions in the SWBLI at Ma∞ = 4.0

p0 T 0 Ma∞ κ α pw T 2

i 1374.3 kPa 273.9 K 4.03 1.400 22.50◦ 53.46 kPa 127.12 K

∆i 1.2 kPa 1.5 K 0.02 0.001 0.09◦ — —

∆i/i 0.09 % 0.5 % 0.5 % 0.1 % 0.38 % — —

∆pi 0.05 kPa — 1.09 kPa 0.25 kPa 0.28 kPa 1.15 kPa —

∆pi/pw 0.09 % — 2.03 % 0.47 % 0.53 % 2.15 % —

∆T i — 0.70 K 0.52 K 0.62 K 0.35 K — 1.13 K

∆T i/T 2 — 0.55 % 0.41 % 0.49 % 0.28 % — 0.89 %

For the present experiments, the measured pw at the center of the rigid insert is typically
within 200 Pa of p∞, calculated from p0 given in Tab. 2.1. This indicates that the
estimates given regarding the inflow conditions (Tabs. 2.2 and 2.4) and measurement
uncertainty (Tab. 2.6) are conservative (see also Section 2.2.1).

Elastic Panel

The elastic panel (Fig. 2.4) was instrumented with several non-intrusive distance sensors
placed underneath the panel (Fig. 2.7). Three capacitive distance sensors CS5 and
two CSH2FL by Micro-Epsilon were used with Micro-Epsilon capaNCDT 6350 amplifiers,
enabling measurements at 50 kHz. The maximum operating temperature of the sensors
is 200 ◦C with a temperature sensitivity of −160 nm/K. Thus, no relevant effect of the
sensor temperature on the distance measurements is expected. The non-linearity of the
sensors is smaller than 12µm for the CSH2FL used with 4 mm range, and smaller than
15µm for the CS5 used with 5 mm range. For the runs where measurements exceeded
5 mm, the range of the center CS5 was doubled. This also doubles the non-linearity
estimate. The uncertainty caused by non-parallel orientation of sensor and target surface
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Table 2.6: Uncertainty estimate of wall pressure measurements in TMK for minimum
and maximum surface pressures at Mach 3.0

XCQ-062 PSI XCQ-062 PSI

pw kPa 15.6 15.6 70.0 70.0
prange kPa 170.0 100.0 170.0 100.0
∆pgeneral Pa 170.0 50.0 170.0 50.0
∆psensitivity Pa 70.2 − 315.0 −
∆pzero Pa 765.0 − 765.0 −
∆pabs Pa 786.8 50.0 844.6 50.0
∆prel Pa 250.2 70.7 396.3 70.7
∆pabs/pw % 5.04 0.32 1.21 0.07
∆prel/pw % 1.61 0.45 0.57 0.10

Table 2.7: Displacement sensor positions

Sensor Type Position x /mm y /mm

CS5 front 75 0
CS5 center 155 0
CS5 rear 225 0
CSH2FL left 155 62
CSH2FL right 155 −62

were provided by Micro-Epsilon [179]. Based on this, an uncertainty of 9µm has to be
added at the front and rear position for cases with significant panel deflection. The
sensor positions are listed in Tab. 2.7.

The PSD of the measured deformation was calculated following Welch’s method [168],
using Hann windows, a block length of 20000 samples, and an overlap of 0.5. This results
in a frequency resolution of 5 Hz.

XTL-DC-123C-190 Kulite sensors were used to measure the pressure underneath the
elastic panel. For this sensor, Kulite states an uncertainty of 0.15 % of the measured
value.

Flow Field

A Z-type Schlieren setup with mirrors of 600 mm diameter and 6000 mm focal length
was used to obtain images from the flow field [49] (see also [144] for a general discus-
sion). Images were recorded using a high-speed camera Photron FASTCAM SA-X with
1024 pixels× 200 pixels resolution at 20 kHz. The maximum recording duration for this
configuration was about 11 s.

The images can only be used for qualitative analysis because the incident shock moves
upstream close to the windows, and thus obstructs the view of the flow structure in the
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Figure 2.7: Elastic panel displacement sensors

center of the test section. However, they are useful for reference regarding sensor positions,
and to obtain a general idea of the flow structure. For the previous configuration by
Willems [174], a detailed analysis of the high-speed Schlieren recordings was conducted.
For that configuration, the flow structure in the center of the test section was well visible
due to the three-dimensional nature of the flow field. Using the same analysis, it was
shown for the present configuration that a difference in observable flow-field dynamics
between the elastic and rigid wall configuration is detectable [31].

Data acquisition

National Instruments 24 bit high-speed bridge modules PXIe-4331 were used for data
acquisition for the Kulite pressure transducers, and 16 bit multifunction data acquisition
cards PXIe-6363/6361 for all other sensors. A sampling rate of 100 kHz was used. The
PXIe-6363 card was also used to trigger the camera for high-speed Schlieren photography
and the actuator. The incremental encoder was connected to the internal high-speed
counter of a PXIe-6363.
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Table 2.8: Computed panel modes (number of neutral lines in x;y-direction) [174]

Panel modes

Mode (x;y) 0;0 0;1 1;0 0;2 1;1 1;2 2;0 2;1 0;3 2;2 3;0 1;3 3;1

f /Hz 88 123 242 284 294 471 475 534 626 730 785 807 850

2.1.5 Properties of the Elastic Panel

Dynamic Properties

The panel used has already been subject to a detailed characterization for previous
experiments [174, 177], which showed that the observed modes are in good agreement
with results from simulations using an ANSYS Finite element method (FEM) model. In
addition to these previous considerations, the present configuration allows an in-situ
characterization of the frequencies occurring during an actual wind tunnel run without a
pressure difference between the flow-exposed side of the panel and cavity underneath.
This is particularly valuable as the dynamic properties of the structure can be very
sensitive to small changes in boundary conditions. In the experiments, a fast movement
of the incident shock to a position on the panel was used to excite structural dynamics.
The opposite, the rapid removal of the incident shock load, was facilitated by a fast
rotation of the shock generator in the opposite direction. The resulting panel dynamics
were used for additional panel characterization shown in Fig. 2.8. The occurring peaks
agree well with the ANSYS solution. However, several additional peaks were found near
180 Hz and at what appears to be further multiples of the frequency of the lowest panel
eigenmode. Panel modes should typically occur at various frequencies that do not need
to be multiples of one another [184]. The appearance of so called harmonics at integer
multiples points to a deviation of the displacement signal from a perfect sine function
[122]. These harmonics could also be found revisiting previously recorded spectra of the
panel dynamics at lower excitation amplitude given in [174]. Thus, there does not appear
to be any deterioration of the panel, and previously made assumptions are confirmed.
Additionally, the observation of peaks due to the appearance of harmonics of the first
panel mode could be explained. Interestingly, harmonics do not prominently appear in
characterization of the fully clamped panels used in Chapter 4 (see Section 4.1.4).

Back Pressure and Cavity Effect

In addition to the wall pressure on the side of the panel that is exposed to the flow,
the pressure underneath the panel is an important boundary condition. A pressure
difference across the panel leads to deformation and induces stresses that influence mean
deformation and structural dynamics (e. g. [10, 174]). The cavity underneath the panel
is connected to a static pressure port in the wind tunnel wall to equalize pressure with
static p∞ of the incoming flow. Using p∞ as cavity pressure for simulations leads to good
agreement for static deflections as shown by Willems [174]. Furthermore, it was shown
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Figure 2.8: PSD(z) of panel dynamics after fast removal of the incident shock load
during a wind tunnel run with calculated modes from Tab. 2.8 and harmonics of the
lowest panel mode
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Figure 2.9: Incoming boundary-layer profile (TAU results by Willems [174], LES results
by Pasquariello [128])

that the change in panel eigenfrequencies in the relevant back-pressure range is small for
small panel deflections. However, for larger panel deflections the cavity may have to be
taken into account for simulations [70, 130]. The volume of the cavity is 0.0021 m3. For
a general discussion, see [41].

2.1.6 Incoming Flow Field

The boundary layer develops starting at the leading edge of the wind tunnel model where
tripping was applied. A boundary-layer measurement shown in Fig. 2.9 was conducted
on a reference model at x = −70 mm. It shows good agreement with TAU calculations by
Willems [174] and LES calculations by Pasquariello [128]. This supports the assumption
that the boundary layer is turbulent upstream of the insert.

2.2 Results

First, experiments using the rigid insert were conducted to measure the mean and
dynamic properties of the SWBLI, that contribute strongly to the behavior of the
coupled configuration. These reference experiments were followed by investigations on
the behavior of the coupled system with the elastic panel, which included configurations
without incident shock, with prescribed incident shock movement, and with fixed incident
shock angle, leading to a broad range of different responses of the elastic panel.
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Figure 2.10: Average wall pressure (pw) on the rigid panel at Ma = 3

2.2.1 Reference Measurements on the Rigid Insert

Mean Wall Pressure

Figures 2.10 and 2.11 show the time-averaged wall pressure distributions along the rigid
reference insert for various shock generator angles (α). The pressure rise across the
SWBLI increases with increasing α. Pressure measurements were conducted on the
centerline and at y = −90 mm to assess any deviations in lateral direction. Generally,
agreement is very good, with some small increases of wall pressure at y = −90 mm
for α = 20◦ at Ma = 3. The flow field is thus considered nearly two-dimensional in
y-direction, distinctly different from Willems [174] where a highly three-dimensional
behavior was obtained. For all cases with α > 15◦, two locations with a strong rise
in wall pressure can be distinguished due to the occurring flow separation. The first
one, considerably upstream of the incident shock, results from the initial separation
shock (e. g. at x = 40 mm for α = 20◦ and Ma = 3). The second one is caused by the
reattachment shock downstream of the separated area (e. g. at about x = 100 mm for
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Figure 2.11: Average wall pressure (pw) on the rigid panel at Ma = 4

α = 20◦ and Ma = 3). The size of the separated area also significantly increases with
increasing α and the resulting greater pressure increase across the incident shock.

Wall Pressure Dynamics

The intrinsic dynamics of the SWBLI that extend to frequencies well below 1 kHz are of
central importance to the present study. Figure 2.12 shows an overview of the frequency-
multiplied PSD of the wall pressure dynamics for Ma = 3 and a steady incident shock
angle of α = 19.6◦, highlighting the drastic local increase in low-frequency dynamics near
the separation shock (x = 45 mm). Furthermore, the comparably lower level of dynamics
in the separated area as well as a strong rise in high-frequency dynamics in the vicinity of
x = 85 mm and x = 125 mm are clearly visible. Figure 2.13c shows a shadowgraph image
as reference regarding the sensor positions. The shock generator angle was chosen such
that the pressure sensor at x = 45 mm observes maximum dynamics [30].3 The observed
frequency range is limited by the recording frequency of 100 kHz. Figure 2.13a shows the

3This case was used for comparison to the LES with rigid wall in [128, 131].
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Figure 2.12: Wall pressure (pw) dynamics at Ma = 3 and α = 19.6◦

same spectra, but not multiplied by the frequency. Generally, pressure dynamics increase
by at least two orders of magnitude throughout the interaction area compared to the
measurement at the upstream location at x = 15 mm. Local maxima for dynamics below
2 kHz are reached at x = 45 mm as well as near x = 105 mm, and x = 125 mm, with the
dynamics at the upstream location about an order of magnitude stronger than at the
downstream location. This explains why the low-frequency dynamics in the reattachment
area are not distinctly visible in Fig. 2.12. The positions of maximum pressure dynamics
agree with the positions of the maximum pressure rise observed in Fig. 2.10. The
dynamics at x = 45 mm are directly related to movements of the separation shock, thus
inducing considerable dynamic loads in the same frequency range as the eigenmodes
of the elastic panel. Figure 2.13b, included for reference, is a two-dimensional version
of Fig. 2.12. For the case at Ma = 4 shown in Fig. 2.14, the results are similar. The
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Figure 2.13: Wall pressure (pw) dynamics at Ma = 3 and α = 19.6◦
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Figure 2.14: Wall pressure (pw) dynamics at Ma = 4 and α = 22.5◦
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Figure 2.15: Spectrogram of the wall pressure (pw) at Ma = 3; α = 19.6◦; x = 45 mm

difference in PSD of the pressure signals between the undisturbed boundary layer and
the interaction area is even larger.

To further illustrate the nature of the ongoing dynamics, Fig. 2.15 shows a spectrogram
of the pressure signal at x = 45 mm for Ma = 3 and α = 19.6◦ also included in Fig. 2.13.
The occurring spectra vary strongly over time. This is particularly interesting in the
context of the comparison of experiment and numerical results for low-frequency dynamics
in cases where only relatively short time records are available. Additional spectrograms
for various other positions were provided in [30] and show qualitatively similar behavior.

Figure 2.16a shows PDFs of the pressure signals at Ma = 3 and α = 19.6◦. At all
positions in the interaction, there is a broad range of occurring pressure levels whereas
the range is quite narrow at the position upstream of the interaction at x = 15 mm. The
range also declines at the positions farthest downstream at x = 155 mm and x = 185 mm.
Notably, the distribution at x = 45 mm deviates from the symmetrical behavior found
at all other locations. This is due to movement of the separation shock on and off the
sensor surface. When the shock moves off the sensor surface, pw is equal to p∞ which
explains the narrow peak at this pressure. When the shock moves onto the sensor surface,
a much wider range of higher pressures is detected. This confirms that the maximum
in pressure dynamics found at this location is in fact caused by the movements of the
separation shock.
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Figure 2.16: Properties of the wall pressure dynamics
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As a measure of the spatial distribution of the pressure dynamics in the measurement
range, Fig. 2.16b shows the standard deviation of the pressure signals at Ma = 3 and
α = 19.6◦ as well as at Ma = 4 and α = 22.5◦. In both cases, two local maxima
exist, which correspond to the separation and reattachment shock locations (Figs. 2.10
and 2.11).

In addition to experiments with a steady incident shock, the present setup allows fast
movements of the incident shock by rotating the shock generator. Figure 2.17 shows
a time-series plot of the wall pressure dynamics during such prescribed incident shock
movement in upstream (Fig. 2.17a) and downstream (Fig. 2.17b) direction. In the first
case, the pressure rise first occurs on the sensor at x = 85 mm and then moves farther
upstream. The opposite takes place in the second case. Interestingly, there appears to be
a certain delay in reaching the new pressure level. To clarify this, Fig. 2.18 shows plots of
pw versus α. At all positions, the pressure rise or fall during the shock generator rotation
is distinctly different depending on the direction of rotation. These differences occur
at a time scale of a similar order of magnitude as the propagation of information from
the shock generator given a speed of sound of about 200 m/s at Ma = 3 and 160 m/s
at Ma = 4, but could also plausibly be connected to internal processes in the SWBLI

during changes in size of the separation area.

2.2.2 FSI without Incident Shock

As baseline for the following results, Fig. 2.19 shows the PSD of the deformation of
the elastic panel at Ma = 3 and Ma = 4 without incident shock. The spectra show a
relatively broad excitation at frequencies below 600 Hz. However, there are no peaks
as distinct as in the reference runs in Fig. 2.8, where a quick removal of the incident
shock was used to excite the panel, or in the cases in Chapter 4, where panel flutter
at large amplitudes could be observed. The good agreement between the runs at both
Mach numbers and the reference runs in Fig. 2.8 in terms of the frequencies of the
occurring peaks shows that these are predominantly dependent on the properties of the
structure.

2.2.3 FSI with Prescribed Incident Shock Movement

Next, cases with a quick movement of the incident shock from a position downstream of
the elastic surface onto the panel will be discussed (Figs. 2.20 to 2.25). The panels were
initially in an unprestressed condition without SWBLI, as shown in Figs. 2.19a and 2.19b.
Then, the shock was moved onto the panel from the rear and comes to a complete stop
at a certain position on the elastic surface depending on the preset target angle (αmax).
The shock generator angle (α) is shown as a dashed line in Figs. 2.20, 2.22 and 2.24.
As has been shown in the rigid wall reference experiments discussed in Section 2.2.1, a
large flow separation occurs, which is caused by the pressure gradient imposed by the
incident shock for the cases with larger αmax (Figs. 2.21 and 2.25), whereas no significant
separation is visible in the case with αmax = 15◦ at Ma = 4 (Fig. 2.23). In all three
cases, the center and rear positions of the panel react first by starting to move into the
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Figure 2.17: Wall pressure (pw) during shock generator movement at Ma = 3 and
αmax = 20◦
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Figure 2.19: PSD(z) for the centerline capacitive distance sensors without incident
shock
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Figure 2.20: Prescribed incident shock motion at Ma = 3 and αmax = 17.5◦
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Figure 2.21: Shadowgraph image at Ma = 3 and α = 17.5◦ and sensor positions
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Figure 2.22: Prescribed incident shock motion at Ma = 4 and αmax = 15◦
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Figure 2.23: Shadowgraph image at Ma = 4 and α = 15◦ and sensor positions
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Figure 2.24: Prescribed incident shock motion at Ma = 4 and αmax = 20◦
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Figure 2.25: Shadowgraph image at Ma = 4 and α = 20◦ and sensor positions
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cavity. At the front position, the panel first shows a small movement into the flow field,
but changes direction away from the flow field immediately afterwards. Once the panel
deflection approaches its mean value for the respective configuration, large oscillations
begin, initially exceeding amplitudes of 1 mm at the center position in the cases with
larger αmax. In these cases where the incident shock movement ends at the panel center
or upstream of the panel center, panel motion at the measured positions is predominantly
in phase. In the case with αmax = 15◦ at Ma = 4 where the incident shock movement
stops in the rear part of the panel, it is excited at a second frequency at which the front
and rear part of the panel oscillate opposite in phase in addition to the predominant
in-phase oscillation. This is not visible at the center position, pointing to a neutral line
in the panel center indicative of the 0;1 mode. This demonstrates that the resulting
structural dynamics of the panel depend strongly on the location of excitation. This may
also be relevant in more intricate ways regarding the effect of the spatial distribution of
pressure dynamics in the SWBLI on the structure in cases that are predominantly driven
by intrinsic SWBLI dynamics.

To give an example of the good repeatability obtained with this experimental setup,
Fig. 2.24 shows data from two wind tunnel runs of which the second run was conducted
after complete removal and reinstallation of the experimental setup in the wind tunnel.

2.2.4 FSI with Steady Incident Shock Angle

In addition to FSI cases predominantly driven by the forced movement of the incident
shock, cases excited by the intrinsic dynamics of the SWBLI at a fixed incident shock
position as shown in Section 2.2.1 were investigated. Figures 2.26 and 2.27 show spectra
of the panel displacment at Ma = 3 and Ma = 4 at various shock generator angles. With
increasing shock generator angle, the mean pressure load on the panel rises (as shown in
Figs. 2.10 and 2.11) and the panel is more strongly deformed and thus less susceptible
to excitation by the flow field. Despite this, the dynamics imposed on the structure by
the SWBLI (see e. g. Figs. 2.13 and 2.14) lead to an increase in broadband dynamics
with an increase in incident shock angle at both considered Mach numbers. This clearly
demonstrates that the observed structural dynamics are caused by the SWBLI dynamics.
As expected, the occurring peaks increase in frequency with rising α and the respective
rise in panel deformation. They have been shown to be close to the natural frequencies
of the structure under a comparable uniform pressure load [31, 174]. This is of course a
simplification, but it seems sufficient to plausibly explain the observed behavior despite
the real pressure distribution being far from uniform.
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Figure 2.26: PSD(z) for the centerline capacitive distance sensors Ma = 3
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Figure 2.27: PSD(z) for the centerline capacitive distance sensors Ma = 4
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2.3 Discussion

In the precursor configuration by Willems [174, 177], intrinsic SWBLI dynamics in an
incident shock configuration were shown to excite an elastic panel. The flow field in this
setup was strongly three-dimensional because of the design of the shock generator. The
elastic panel showed clearly detectable SWBLI-induced dynamics of low amplitude despite
being prestressed by the mean pressure rise along the wall caused by the SWBLI. These
dynamics were also visible downstream of the elastic insert in high-speed wall pressure
measurements, demonstrating the effect of the elastic panel dynamics on the flow field.
Based on this previous work, the setup was improved to obtain a nearly two-dimensional
flow field and to add the unprecedented capability to excite the fluid–structure coupled
configuration by fast movements of the incident shock generator. These changes allowed
a direct comparison to the LES by Pasquariello [128].

In cases with high-speed moving incident shock, the SWBLI was quickly moved onto the
unprestressed panel from the downstream side and stopped at a preset position on the
panel. Before the shock moved onto the panel, the panel was undeformed and displayed
very little dynamics. When the shock moved onto the panel, mean deformation into
the cavity developed and large panel oscillations of several millimetres in amplitude
set in. It was shown that various modes could be excited depending on the stopping
position of the shock on the panel. On a rigid reference panel, it could be shown that
the instantaneous wall pressure depends on the movement of the shock generator. This
is similar to recent results in [17], where the shock generator rotated continuously, or
also [158], where linear movements of a shock generator were used. This observation
may also be helpful in understanding incident SWBLI FSI cases where large amplitude
structural dynamics like panel flutter occur. In such cases, it is not the incident shock
but the panel that moves, and the influence of the dynamic behavior of the SWBLI on
the resulting structural dynamics and vice versa is still not well understood (see also
Chapter 4).

Reference measurements on the mean pressure and pressure dynamics in the SWBLI

were also conducted for steady incident shock angles. For these, the rotatable shock
generator made it possible to change the incident shock angle in small steps so that the
maximum wall pressure dynamics of the SWBLI for a steady incident shock position could
be detected despite limited spatial resolution of the high-speed wall pressure sensors.
As typical for such configurations [14], the pressure measurements showed significant
low-frequency dynamics below 1 kHz predominantly in the vicinity of the separation
shock. This is in the same range as all lower panel modes that start from around 100 Hz.
Thus, the intrinsic SWBLI dynamics are well suited to excite structural dynamics in
cases without forcing by incident shock movement. Consequently, the adjustable incident
shock angle was used to investigate the effect of the intrinsic SWBLI dynamics on the
elastic panel for various steady incident shock angles and respective changes in SWBLI

dynamics. An increased incident shock angle was shown to cause increased excitation
of the structure. This happened despite the increased effective panel stiffness caused
by the rising mean wall pressure load that also increased with a rising shock generator
angle. With cavity pressure adjusted to reduce the pressure difference across the panel,
the excitation would even be stronger. This complements recent results in [169] where
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similar observations were made for a configuration with an elastic panel on a ramp. In
this context, it should be noted that it was shown by Willems [174] for the precursor
configuration that it is possible to track and analyse the separation shock position in
high-speed shadowgraph recordings. For the present configuration, it was shown that
the rigid and elastic case can be distinguished by using this approach (see [31]). But this
was not used for further detailed analysis, since the middle of the test section is not well
visible in the shadowgraph images. A focusing Schlieren setup [54, 167] to circumvent
this problem would be a very useful addition for future studies. This would require
additional preparatory work for integration at the TMK.

The results of the conducted experiments were compared to the results by Pasquariello
[128]. First, the mean and time-resolved wall pressure results in the rigid reference case
were considered [131]. Generally, very good agreement was found both in the static
pressure distribution and wall pressure dynamics. As the LES only considered a thin
slice of the flow field, this confirms the nearly two-dimensional behavior of the flow
field in the experiment. Because of the nature of the employed methods, a difference
between the experiment and the LES is that the experiment can easily obtain run times
of several seconds while the LES is quite limited in physical time duration due to limited
computational resources. However, the upper end of the frequency range obtained by
the LES is greater than what is attainable in wind tunnel measurements limited by the
maximum available recording frequency. This means that the wall pressure spectra of
both methods overlap in a certain frequency range whereas lower frequencies can be
obtained from the experimental data and higher ones from the LES. The resulting spectra
provided in [131] show very good agreement overall, including a distinct maximum in
frequency-premultiplied form as predicted in the literature. Some deviations appear
towards the lower end of the frequency range covered by the LES. It appears that a
comparison at the lower end of the frequency spectrum extracted from the LES may
not be fully conclusive due to its limited run time. This highlights the advantages and
drawbacks of both methods as well as the value of such collaborative efforts.

In a next step, the first LES-structure coupled simulation of such a configuration was
conducted by Pasquariello et al. [130]. Due to the limited physical time, this was only
possible for cases with forced excitation but not for the cases with excitation by the
intrinsic SWBLI dynamics at constant incident shock angle that would have required
significantly longer physical time scales for meaningful analysis. The coupled simulation
showed good agreement in the resulting mean deformation after moving the shock on the
panel, and also reproduced the large scale oscillations with a slight shift in the occurring
frequency and a significant difference in damping, that was not included in the structural
model (Fig. 2.28).

A recent coupled wall-modelled LES study by Hoy and Bermejo-Moreno [81], where
damping was considered, yielded significantly improved agreement regarding the resulting
deformation dynamics of the panel both in observed frequency and damping behavior.
They also showed the influence of the coupled configuration on wall pressure dynamics
downstream of the interaction. Furthermore, they observed a significant increase in
low-frequency wall pressure dynamics in the SWBLI for the elastic wall case. Quite
interestingly, Fig. 2.28 shows good agreement regarding the onset of the panel movements
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2.3 Discussion

Figure 2.28: Comparison of FSI-coupled wall-modelled LES results by Hoy and Bermejo-
Moreno [81] to present experimental results, and LES results by Pasquariello et al. [130]
(Figure reprinted from [81] by permission of the American Institute of Aeronautics and
Astronautics, Inc.)

at about t = 5 ms, the resulting predominant frequency of panel oscillations, damping,
and mean deformation. However, a peculiar difference in panel dynamics regarding
oscillation amplitude and mean deformation can be observed at the front and rear
positions between about t = 10 ms and t = 25 ms. This behavior might be caused by
differences in the wall pressure distribution in the SWBLI during the fast movement of
the incident shock that has been shown to depend both on shock angle and velocity. An
interesting subject for further investigation might be whether this is connected to the
performance of the wall-modelled LES in this transient phase.

Another interesting effort based on this configuration has been started by Zope et al.
[185]. They have begun a comparison of methods of different levels of fidelity ranging
from RANS to hybrid LES to determine the required level of fidelity to model central
features of the coupled system. The work appears to be ongoing and not yet fully
concluded.

Data from the rigid wall reference case was also used in other studies with different
levels of fidelity. A simplified engineering model for SWBLI wall pressure dynamics was
proposed in [82], whereas predictions of mean flow field properties were considered in
[182, 183].
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3 Hypersonic High-Temperature FSI Including
Plastic Deformation

This chapter presents experimental results on hypersonic FSI with focus on high thermal
loads that result in the buckling of thin panel structures, including plastic deformation.
To obtain suitable high-enthalpy flow conditions, experiments were conducted in the
Arc-heated Wind Tunnel L3K. During the experiments, time-resolved surface deformation
and temperature fields were measured. The challenging Digital image correlation (DIC)
measurements through the flow field were validated by comparison to internal laser
triangulation measurements. The resulting data set facilitates a detailed analysis of the
coupling between thermal loads and structural deformation. Severe localized heating
and resulting deformations of more than 12 times the panel thickness were observed.
In addition to single exposure measurements, the effects of repeated load cycles were
investigated. The mechanical setup was based on previous experiments by Haupt et al. [73]
and Niesner [124]. This chapter is based on [25, 28], preliminary results were published in
[20, 21]. The obtained measurements of surface deformation and temperature were used
to validate coupled simulations by Martin et al. [113, 114]. Furthermore, experiments
with Thermal barrier coating (TBC) were conducted in cooperation with Fiedler et al. [53]
to investigate the behavior of newly developed TBC in a high-temperature environment
and with large structural deformations.

3.1 Experimental Setup

3.1.1 Arc-Heated Wind Tunnel L3K

To obtain the aerothermal loads required for large deformation of the structure, the
experiments were performed in the Arc-heated Wind Tunnel L3K at DLR, Cologne
(Fig. 3.1, see [48, 65] for a full description of the facility). In this facility, air is heated to
total temperatures between 4000 and 7000 K by a segmented arc-heater and expanded in
a conical nozzle to hypersonic velocities. A free jet is formed at the nozzle exit. Models
are mounted on a swiveling mount to keep the model out of the jet during startup and
shutdown of the facility. The test chamber walls are located at a large distance from the
free jet and remain close to ambient temperature. The model was moved into the free jet
after steady flow conditions were established. Before shutdown, the model was moved out
of the jet for the duration of the shutdown. During this time, no optical measurements
on the model surface were possible. Afterwards, it was moved back into the test position
to continue Infrared (IR) and DIC measurements of the cool-down process. For the later
runs, the model was kept in measuring position for jet shutdown.
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Arc heater
Test chamber

Diffuser

Heat exchanger

Figure 3.1: Arc-heated Wind Tunnel L3K at DLR, Cologne

Table 3.1: Flow conditions

Flow Parameters
Variable Value

Ma∞ 7.7
p∞ 50.3 Pa
T∞ 477 K
v∞ 3756 m/s

Flow Composition
Species Mass Fraction

N2 0.755
O2 0.021
NO 0.022
N < 0.0001
O 0.202

The experiments were conducted at 20◦ angle of attack at the flow conditions shown in
Tab. 3.1. These flow conditions were computed based on measured values of reservoir
pressure and mass flow rate using the DLR numerical flow solver (TAU) [109], taking
into account thermal and chemical non-equilibrium. The flow is considered to be
in equilibrium in the reservoir, and frozen at nearly constant conditions in the test
section. This was confirmed by Coherent anti-Stokes Raman spectroscopy (CARS)
measurements [66]. Figure 3.2 shows examples of the operating conditions to illustrate
the excellent repeatability of the flow conditions, allowing direct comparison between
results from multiple wind tunnel runs. Furthermore, the conditions are constant
throughout the duration of each run.

3.1.2 Wind Tunnel Model

The experimental setup (Fig. 3.3) is based on previous experiments by Niesner [124].
The main goal was to obtain reliable deformation and temperature measurements of
a structure with large plastic deformation induced by a high-enthalpy flow field. The
200 mm× 200 mm panels of 1 mm or 2 mm thickness made of Incoloy 800 H were mounted
in a solid Incoloy 800 H frame that mechanically constrained the thermal expansion
of the test panel. The manufacturing tolerance of the length of the panel in x- and
y-direction was specified to be between 0 and −0.2 mm to get as close to the nominal
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3.1 Experimental Setup

Table 3.2: Thermal properties of the insulation

Schupp UltraBoard 1850/500

Density 500 kg/m3

Heat capacity 1130 J/(kgK)
Thermal conductivity at
800 ◦C 0.21 W/(mK)
1000 ◦C 0.26 W/(mK)
1200 ◦C 0.33 W/(mK)
1400 ◦C 0.38 W/(mK)

Emissivity 0.3

Table 3.3: Temperature-dependent material parameters for Incoloy 800 H as given in
[114, 124]; ∗ linearly interpolated values; + linear hardening parameter, the hardening
parameter β does not exist for these values

Incoloy 800 H

temperature Young’s yield hardening hardening Poisson’s thermal

modulus stress parameter H parameter β ratio expansion

/◦C /GPa /MPa /MPa – – /(10−5/K)

20 197 231 350.3 5.0 0.288 1.54

100 185 226 388.5 6.6 0.289 1.54

200 180 189 400.8 7.0 0.292∗ 1.60∗

300 169 187 370.8 6.65 0.294 1.65

400 165 173 400.0 6.15 0.297∗ 1.69∗

500 159 150 410.7 6.1 0.299 1.72

600 151 144 380.3 6.1 0.303∗ 1.76∗

700 144 137 250.5 12.6 0.306 1.79

800 140 130 75.8 53 0.310 1.83

900 133 107 49.8+ – 0.314 1.86

1000 127 59 22.0+ – 0.319 1.90
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Figure 3.2: Comparison of Arc-heated Wind Tunnel L3K (L3K) operating conditions
for several runs

value as possible and assure that they can be mounted to the frame without significant
initial stresses. The 1 mm panels were at about −0.1 mm below nominal dimensions and
the 2 mm panels around −0.2 mm unless stated otherwise. During the experiment, the
frame heated up more slowly than the panel due to its higher thermal capacity, leading
to the desired buckling of the panel. Both model nose and base plate were water-cooled.
The frame was thermally separated from the holder by insulation made of UltraBoard
1850/500 by Schupp Industriekeramik (Tab. 3.2). Information on the properties of
Incoloy 800 H provided in [114, 124] is given in Tab. 3.3. Specifications can also be
obtained from Special Metals Corporation. In preparation, the panels were subjected to
heat treatment at 950 ◦C for 30 minutes to prevent a strong change in surface emissivity
caused by oxidation during the wind tunnel run. The experiment duration is limited to
120 s to avoid plastic deformation of the frame.

3.1.3 Instrumentation, Uncertainty and Data Processing

The instrumentation was selected to allow time-resolved measurements of the temperature
and deformation fields on the panel surface. It was required to be non-intrusive to prevent
any influence on panel heating and deformation. Furthermore, it had to withstand thermal
and vacuum conditions in the model or be suitable for operation through the test section’s
limited optical access.

Digital Image Correlation in Supersonic Flow

DIC systems are well established and commonly used measuring systems. Their applica-
tion in supersonic wind tunnels for FSI studies, however, poses special problems. Only
rarely does the experimenter have the luxury of unobstructed view on the structure from
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Figure 3.3: L3K wind tunnel model (in mm, R 3 refers to the inside radius)
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Figure 3.4: Example of DIC image pair at maximum deformation (flow from right to
left)

the outside of the facility (e. g. [58, 59, 150]). In most cases, measurements through
the flow field are necessary (e. g. [64, 102, 108, 124, 137, 143]). For these cases, optical
disturbances from windows and density gradients in the flow field have to be considered.
The effects of the window can usually be mitigated by calibration, but the effects of the
flow field can be hard to quantify for all relevant configurations. To address this issue,
Spottswood et al. [150] compared DIC measurements on the back side of a structure,
which was freely accessible, to measurements through the flow field, achieving good
agreement. Experimenters without direct optical access placed rigid calibration objects
(e. g. [64]) or reference marks (e. g. [143]) in the flow field to assess the influence of the
flow field. For the present configuration, this approach is not possible because creating a
calibration object that remains rigid under the conditions in L3K with flow on is not
feasible. Marking the model surface poses additional challenges. The pattern has to
withstand flow conditions and deformations of the wind tunnel model due to its heating,
and also has to be well visible despite reflections from the heater.

Digital Image Correlation at L3K

To use DIC in L3K, the following procedure was developed. Image pairs as shown
in Fig. 3.4 were recorded using two Basler A504k cameras (1280 pixels× 1024 pixels
monochrome) and Titanar 50 mm lenses. The surface pattern was applied using TiO2 on
one half of the panel. The other half was not marked in order to retain a clean surface
for IR temperature measurements. Discrete markers were applied to position the initial
coordinate system. The panel was illuminated by a blue LED (456 nm), for which the
cameras were fitted with suitable band pass filters to reduce reflections of the heater on
the model. The cameras were positioned at an angle of about 18◦, which is limited by
the windows of the wind tunnel test section and the model position. This resulted in a
measurement volume of 295 mm× 200 mm× 200 mm. A sampling rate of 2 Hz during
the wind tunnel run and 1 Hz for the cool-down phase was used. For later runs, the
sampling rate was set to 10 Hz for model insertion to better resolve dynamic events.
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3.1 Experimental Setup

(a) Initial coordinate system (b) Corrected coordinate system

Figure 3.5: DIC measurement of the heated frame after 120 s (flow parallel to x-axis,
deformation not to scale)

The calibration procedure was conducted using a GOM CP 20 175 mm× 140 mm reference
object. It was placed at the position of the wind tunnel model so that the DIC system
could be calibrated in a configuration identical to the wind tunnel run including the test
section windows. Unlike during the wind tunnel run, calibration was performed under
atmospheric conditions because the reference object had to be moved several times for
the calibration procedure. Calibration was repeated before every experiment.

DIC Data Analysis

The DIC software GOM Correlate Professional 2017 was used for image correlation and
analysis. For computation of the surface deformation, the surface was divided into facets
of 19 pixels× 19 pixels with a distance of 16 pixels so that there was a small overlap
between the facets. The choice of facet size was based on a trade-off between spatial
resolution, computation time, and reliability of facet recognition. 5.5 mm diameter round
markers were used to obtain the position of the reference coordinate system.

The coordinate system was defined based on markers at known positions on the initially
undeformed frame. Because of the frame deformation and movement of the wind tunnel
model during the experiment, the coordinate system was corrected by the displacement of
a plane fitted to the frame surface for each following image pair. In the uncorrected result
(Fig. 3.5a), it can be seen that the corners of the frame deform in negative z-direction,
while the frame generally moves in positive z-direction, which is more pronounced on the
upstream part. The coordinate system for this plot remains at the initial position from
before the wind tunnel run. Figure 3.5b shows the corrected version where the frame
displacement is removed by the correction of the coordinate system. The deformation
of the frame remains but is now nearly symmetrical. This process also removes any
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Table 3.4: Measurement positions

Designation Position (x/y) Sensor

front 50/0 (DIC)
center 100/0 Micro-Epsilon ILD 1420-50

rear 150/0 Micro-Epsilon ILD 1420-50

left 100/50 Micro-Epsilon ILD 1420-50

Table 3.5: Laser triangulation measurement uncertainty during wind tunnel run

Properties of ILD 1420-50 sensor

Range 50 mm
Linearity 0.08 %
Temperature stability 0.015 % /K

Resulting uncertainty

∆zlin 40µm
∆ztemp (∆T sensor = 15 K) 113µm

∆zabs 153µm
∆zrel 193µm

displacements in camera position, although this does not appear be significant for this
setup.

Deformation Measurement Uncertainty

To validate the results of the stereo-optic deformation tracking, Micro-Epsilon laser
triangulation sensors ILD 1420-50 were used to measure the panel displacement from
underneath the panel at three positions (Tab. 3.4). These sensors are relatively sensitive
to temperature changes with a temperature sensitivity of 0.015 % of their range per
Kelvin [7]. They have a maximum operating temperature of 50 ◦C. Therefore, the sensors
were embedded in the insulation material shown in Fig. 3.3, and their temperatures
were monitored throughout the experiments. Due to spatial constraints, the sensors
were mounted at 90◦ towards the panel surface, similar to the setup used in [174] with
mirrors with high IR transmission to reduce thermal loads, as suggested in [124]. The
total uncertainty of the laser triangulation sensors mainly depends on the temperature
change of the sensors during the wind tunnel run, which is typically around 15 K, and to
a lesser extent on the linearity error of the sensors, which is specified by Micro-Epsilon
to be smaller than 40µm [7]. For relative measurements, the linearity error is taken into
account twice. The temperature error is only considered once as the sensors operate
at nominal temperature initially and heat up continuously during the course of the
experiment. This amounts to a total uncertainty of approximately 0.2 mm (Tab. 3.5).
Agreement between the DIC system and laser triangulation sensors is similar or in many
cases better than the uncertainty of the laser sensors. Thus, the uncertainty of the DIC

system can be estimated to be in a similar range or better.
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3.2 Results

Figure 3.6: Example of an unprocessed IR image (flow left to right)

Surface Temperature

Surface temperature was measured using an AGEMA THV570 IR camera with a resolution
of 320 pixels× 240 pixels and a sensitive wavelength range of 7.5 – 13µm. The camera has
a measurement uncertainty of 2 % of its range, which was set to 2000 ◦C. In a preparatory
step, the emissivity of an Incoloy 800 H sample after pre-wind tunnel heat treatment
was measured at various temperatures. An emissivity coefficient of 0.81 was thus used
for the analysis of IR data. The transmission coefficient of the IR camera window was
determined using a Landcal R1500T blackbody calibration source. Measurements with
and without window were conducted, resulting in a transmission coefficient of 0.87. The
temperature distribution measured by the IR camera was mapped to the deformed panel
surface obtained from DIC measurements to allow spatially resolved analysis. The results
were compared to pyrometer measurements using a Maurer KTRD 1485 at a wavelength
of 0.85 – 1.1µm and an uncertainty of 0.5 % of the measured value. Fig. 3.6 shows an
example image before processing.

3.2 Results

The experiments were conducted with several panels with a thickness of 1 mm and 2 mm.
After completion of a wind tunnel run and cool-down of the structure, the panels were
either replaced or subjected to a second load cycle. The measured results are presented
in time-series plots showing the development over time of the measured quantities at
fixed locations given in Tab. 3.4, and in full-field contour plots for various time steps.

3.2.1 Heating

Figures 3.7a and 3.8a show the surface temperature on the model with a 1 mm panel
and a 2 mm panel at designated locations as recorded by the IR camera and mapped
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Figure 3.7: IR camera measurements and comparison to pyrometer data – 1 mm panels
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Figure 3.8: IR camera measurements and comparison to pyrometer data – 2 mm panels
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to the surface of the deformed panel. This procedure is important to look at the same
position on the panel throughout the experiment regardless of large panel deformation.
The strongest heating took place at the front position. The panels started heating up
immediately after entering the jet. The temperature rose continuously but with declining
rate of change during jet exposure until, in case of the 1 mm panels, steady-state surface
conditions were nearly reached, whereas temperatures were still significantly rising for
the 2 mm panels at the time of jet shut down. The fact that the temperature rise of the
1 mm panels does not fully subside towards the end of the run is most likely caused by
the slowly increasing temperature of the frame that provides the boundary conditions
for the panel. The model cooled down rapidly after the wind tunnel jet was turned off at
120 s. The test section remained evacuated after the heating phase and the model was
kept at measuring position to observe cool-down of the structure with defined boundary
conditions.

For comparison to the IR camera measurements, a pyrometer was placed aiming at the
center location. The measurements of the IR camera and pyrometer at this location
(Figs. 3.7b and 3.8b) show very good agreement. The startup behavior of the pyrometer
at the beginning of the heating phase is typical for these sensors when measuring close to
the lower end of their range and thus not taken into account for the comparison. Before
the heating phase, the pyrometer indicates an artificial value of 873 K which refers to
the lower end of its range.

3.2.2 Deformation

The deformation history is illustrated in Figs. 3.9 and 3.10. Data are plotted relative
to the initial position of the panel for comparison between laser triangulation sensors
and the DIC system. DIC system and laser triangulation measurements show very good
agreement with differences of typically equal to or smaller than 0.2 mm for both 1 mm
and 2 mm panels (Figs. 3.9a and 3.10a). The small change in measured distance at
120 s in Fig. 3.9a occurs when the model is quickly rotated out of the flow field for flow
shutdown.

After the beginning of the heating phase, 1 mm panels (Figs. 3.9a and 3.9b) buckled into
the flow quickly and continued with a declining rate of change until reaching maximum
deformation after about 60 s. The subsequent small decline in deformation of the 1 mm
panel was caused by the heating and resulting deformation of the frame as shown in
Fig. 3.5 while the panel was close to reaching an equilibrium state. This should be taken
into account when defining boundary conditions for coupled simulation. The 2 mm panels
(Figs. 3.10a and 3.10b) similarly buckled into the flow immediately after the beginning
of the heating phase and continued with a declining rate of change until the jet was
shut off. The panels generally showed similar maximum deformation with about 1 mm
difference between the highest and lowest measuring cases of the 1 mm panels (Fig. 3.9b).
For the 2 mm panels, the deviations were even smaller (Fig. 3.10b). While the results for
the 1 mm panels show good agreement at the center of the panel, differences of several
millimeters on the left position occur that need further examination using the measured
full-field data.
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Figure 3.9: Comparison of DIC and laser triangulation measurements – 1 mm panels
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Figure 3.10: Comparison of DIC and laser triangulation measurements – 2 mm panels
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Figure 3.11: Anomalous behavior during run 2 – 1 mm panel

A particularly interesting case is shown in Fig. 3.11. After insertion into the wind tunnel
flow, panel 2 quickly started to buckle away from the flow. A few seconds later, the
panel snapped to a different buckling shape that was deformed into the flow field similar
to the other panels, resulting in a very quick change of displacement in the panel center
larger than 4 mm. In all other wind tunnel runs as well as in the simulations [113, 114],
all panels deformed towards the flow field. This was expected since the heating from the
flow field leads to a temperature gradient in the structure, resulting in a slightly larger
expansion of the structure on the flow side. Panel 2 was about 0.1 mm smaller than the
specified manufacturing tolerances. However, this does not explain the observed behavior.
This example is probably not suitable for direct comparison to a coupled simulation, but
it is an instructive demonstration of the system’s sensitivity to small differences in initial
conditions. These can result in highly dynamic events of significant amplitude.

3.2.3 Deformation and Temperature Fields

Figures 3.12 to 3.15 show the measured deformation and temperature fields on the surface
of the panel. Isolines are included for better illustration of the gradients. Generally, the
peak deformation occurred forward (upstream) of the center of the panel, deviating from
the symmetrical deformation that would be expected of the same panel under a uniform
temperature load. In the 1 mm case (Figs. 3.13a and 3.13b), a relatively complex shape
occurred compared to the 2 mm panel (Figs. 3.15a and 3.15b), which might be connected
to the lower deformation of the 2 mm panels.
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Figure 3.12: Surface temperature distribution – 1 mm panels
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Figure 3.13: Surface deformation contour – 1 mm panels
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Figure 3.14: Surface temperature distribution for run 6 – 2 mm panel
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Figure 3.15: Surface deformation contour for run 6 – 2 mm panel
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The heating of the panels showed a maximum on the upstream side where the surface
bends into the flow deviating from the heating expected of a rigid structure, for which
heat transfer should continuously decline in the direction of the flow. The increase in
local heating is caused by the deflection of the flow. For both panels, increased heating
was observed on the downstream half at the side of the panels, while they remained
colder on the centerline. Heating was generally stronger on the 1 mm panels where the
occurring deformations were larger.

As noted in the previous paragraph, Figs. 3.13b and 3.13c show that some variation
occurred in the deformation shape of the 1 mm panels. Agreement on the centerline is
good, but the deformation isolines (especially for 10 mm) on the side of the panel run
mostly in parallel to the centerline for run 5 (Fig. 3.13c), whereas they show a gradient
towards the centerline for run 1 (Fig. 3.13b). This behavior is more distinct in the surface
displacement, but small differences that are connected to the differences in deformation
are also noticeable in the temperature distribution on the surface (Figs. 3.12b and 3.12c).
Measurements of the panel dimensions after manufacturing were very similar for both
panels. In both cases deviations from the nominal 200 mm length of the sides were
about −0.1 mm and thus do not explain the differences. Furthermore, no influence of
the direction of rolling of the sheet metal could be seen in metallographic analysis, which
was expected after the heat treatment conducted prior to the experiment.

3.2.4 Response to Multiple Load Cycles

In addition to the effects discussed in the previous sections, the response of the panels
to repeated load cycles were investigated. The panels remained in the facility until the
model was fully cooled down to ambient temperature. Then, the complete run was
repeated with the same panel. Interestingly, it was found that the maximum deformation
remained almost the same with a slight increase towards the end of the run for the 1 mm
panels (Fig. 3.16a). Maximum deformation decreased for all 2 mm panels (Fig. 3.16b) by
about 0.7 mm in the center and about 0.5 mm at the rear position with good agreement
between the panels. Furthermore, one of the 1 mm panels (run 4.2) showed interesting
dynamic behavior during cool-down at the rear position at about 200 s that it had not
shown in the initial load cycle. The measured panel displacement very quickly changed
by about 1 mm, similarly to what has been observed in Fig. 3.11. However, the panel
used for run 5 showed very similar behavior in the first run but not in the second. This
further underlines the difficulty of reliably predicting the behavior of real structures
under such conditions. Figures 3.17a and 3.17b show the deformation contour during
run 5.2 and 6.2 and can be compared to the respective plots in Figs. 3.13b and 3.15b
that show data from runs 5 and 6. As indicated in Figs. 3.16a and 3.16b, there was an
increase in deformation for the 1 mm panel and a decrease for the 2 mm panel, while the
general shape remained very similar.
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Figure 3.16: Deformation during second load cycle
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Figure 3.17: Deformation contours during second load cycle
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3.3 Discussion

Adding to previous hypersonic wind tunnel experiments on heat flux augmentation
of rigid spherical protuberances [57] and deformable structures in [73, 124], this work
presents the first spatially and temporally resolved surface deformation and temperature
data of an FSI experiment in an high-enthalpy flow field. In this challenging environment,
both temperature and deformation measurements were validated using two independent
methods to obtain each quantity. Deformations of up to 12 times the panel thickness were
observed. In the experiments, aerothermal heating leads to structural deformation, which,
in turn, leads to localized increases in heating and consequent non-uniform deformation.
The maximum of both temperature and deformation is shifted upstream, demonstrating
the effect of FSI and thus showing that coupled treatment of such problems is necessary.
In this context, it is interesting to note that such temperature-dependent deformation of
a structure also influences its dynamic properties which can be observed in the cases
discussed in Chapter 4 or, for example, at lower Ma in [150].

In one run, a panel started to deform away from the flow field and then snapped through
to the deformation path also observed in the other runs. Such snap-through behavior
warrants further study as it can very quickly change the properties of both structure and
flow field. Similar quick changes in deformation were also observed during cool-down
of two other panels. Such behavior can be, as shown here, predominantly dependent
on the thermal state and mechanical properties of the structure, but can also occur
in cases where unsteady pressure loads play a role in initiating a sudden change in
deformation shape (e. g. [150]). Further studies in this area will greatly benefit from
detailed thermomechanical characterization of structures as, for example, presented in
[46]. Future research could also explore whether small design changes can be used to
force deformation in a desired direction, e. g. away from the flow, which may reduce local
heating.

Furthermore, the panels’ behavior during a second load cycle was investigated. Despite
differences of several millimeters in the initial conditions caused by the remaining plastic
deformation from the previous run, only a small increase in maximum deformation for
the 1 mm panels was found, whereas the maximum deformation for the 2 mm panels
decreased under the same conditions. While this effect is modest over one repetition,
deformation and potential damage may in some cases accumulate over a larger number
of load cycles, as can be observed, for example, in FSI experiments and modelling for
rocket combustion chambers [4, 80, 136]. Also, plastic changes of a structure have an
influence on its dynamic properties that can have a drastic impact on lifetime estimates
in cases with dynamic mechanical loads [103]. For example, imagine a structure that
is repeatedly exposed to a full trajectory of a reusable launch vehicle that may also
encompass load conditions similar to the experiments in Chapters 2 and 4.

Recent numerical simulations based on the present setup by Martin et al. [113, 114]
generally show good agreement with the experimental results (Fig. 3.18). In the simula-
tions, surface temperatures remain somewhat lower, and the maximum of the occurring
deformation appears further downstream at similar amplitude. Interestingly, it was
shown by a parametric variation of the inflow conditions, that if conditions are chosen
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3.3 Discussion

so that the wall temperatures between experiment and simulation agree, this then leads
to an upstream shift of the maximum of the deformation more closely resembling the
experimental results. Thus, the main question arising from this comparison is why this
difference in surface temperature occurs. The thermal and mechanical boundary condi-
tions are potential sources of differences between experiment and model. The simulated
model includes the full wind tunnel model, and thus the entire relevant substructure that
could have a thermal or mechanical influence as well as internal radiative heat transfer
[114]. To reduce potential differences in emissivity during the wind tunnel run, the panels
were subjected to heat treatment before the first wind tunnel run of each panel. The
emissivity of the panel was measured after this procedure and used for the simulations.
However, small changes during the wind tunnel run may still occur. In previous studies in
similar conditions for thermally coupled cases, it was shown that catalytic effects on the
wall can lead to temperature changes in the same order of magnitude as the differences
between the present experiment and simulation [138, 174]. However, catalytic effects
were not considered in the present simulations. This could potentially account for the
majority of the occurring differences and is subject to further investigation by addition
of non-equilibrium chemistry including catalytic effects on the wall to the simulation.
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4 Hypersonic FSI with Combined Thermal and
Pressure-Driven Effects

This chapter contains experiments on combined thermal and pressure-driven FSI effects
in hypersonic flow both with and without incident SWBLI. Severe dynamic effects
were obtained, which even led to the failure of one panel. The results show a strong
dependency of the dynamics of the coupled system on small temperature changes and
the related buckling state of the structure. Also, the effect of the incident shock angle
on panel dynamics was investigated. It was demonstrated that an incident shock can
facilitate flutter in cases where it would not occur without incident shock, but also that
it can prevent or reduce structural dynamics in other cases. Furthermore, the intricate
interaction of structural dynamics and the dynamics of the SWBLI is of particular
interest. Detailed reference experiments regarding aerothermal heating, wall pressure,
and dynamic properties of the flow field were conducted using a rigid reference structure.
This chapter is partly based on previous publications by the author [22, 28, 33], where
the setup and initial results are presented. These results were extended by a further
variation in panel thickness, inflow total temperature, and shock generator position,
yielding a large extension of the resulting panel and flow dynamics.

4.1 Experimental Setup

4.1.1 Hypersonic Wind Tunnel H2K

The experiments were performed in the Hypersonic Wind Tunnel H2K at DLR, Cologne
(Fig. 4.1, see [77, 125] for a detailed facility description). H2K is a blow-down facility
with a free jet test section. The nozzle can be exchanged to vary the Mach number. Its
exit diameter is 600 mm. Resistance heaters are used to adjust the total temperature.
Maximum test time is about 30 s depending on flow conditions.

Flow conditions (Tab. 4.1) were chosen to obtain the maximum Re available at Ma = 5.33.
The flow conditions include a correction of Ma depending on Re, which accounts for the
boundary-layer thickness in the nozzle [125]. Free stream conditions were calculated from

Table 4.1: Nominal flow conditions

Ma p0 T 0 p∞ T∞ u∞ Re∞

5.33 1250 kPa 390 K 1628 Pa 58 K 816 m/s 19.3 · 106 /m
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Figure 4.1: Hypersonic Wind Tunnel H2K at DLR, Cologne
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Figure 4.2: Wall pressure (pw) during wind tunnel start

the measured total conditions using isentropic equations [47]. Viscosity was calculated
using a power-law approximation for low temperatures [79]. The molar gas constant was
used according to [15] and the mean molecular weight of dry air was used as stated in
[79]. Small variations in total pressure and temperature occur between the wind tunnel
runs. A table of the exact conditions for each run is given in Appendix A. The turbulent
intensity in the undisturbed inflow was measured using Laser-2-Focus velocimetry and
found to be about 1 % [178].

Before the wind tunnel run is started, the airflow is directed through the heaters and into
an exhaust pipe. Only once nominal conditions are reached, the flow is redirected into
the nozzle using the 3/2-way valve (Fig. 4.1). In this way, the flow in the test section is
close to nominal conditions in about 0.2 s (Fig. 4.2).

76
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4.1.2 Wind Tunnel Model

Design of the Elastic Panel

Various options for manufacturing the elastic panels were considered. Machining the
panel/frame assembly from a solid piece is beneficial due to the good connection of
panel and frame [150], but manufacturing panels of the desired size and thickness was
unsuccessful. Using adhesive to fix the panel to a frame is favorable because a high-
precision panel can easily be obtained and its properties are not changed by the mounting
procedure. The downside of this method is that the behavior of the adhesive, especially
while undergoing temperature changes, would be challenging to model even if an adhesive
sufficient for the desired temperature range could be found. Flush rivets as used in
Chapter 2 and [174] require a certain panel thickness and are thus not suitable for very
thin panels either. Considering these aspects, laser welding was chosen to manufacture
the present set of panels. The laser was set to minimal power to obtain a good connection
while keeping the induced stresses at a minimum. As the weld is warm on all sides during
manufacturing and cools down afterwards, this procedure leads to a somewhat prestressed
panel. The dynamic properties of the elastic panel are described in Section 4.1.4.

Configuration

The elastic panel/frame assembly (Fig. 4.3a) was mounted in a flat plate with a sharp
leading edge (Fig. 4.3b). The complete model was mounted inside the free jet test
section of H2K (Fig. 4.4). Thus, well defined boundary conditions on the flow side are
established as a new boundary layer forms, originating from the leading edge of the model.
Note that unlike for the experiment in TMK described in Chapter 2, no boundary-layer
tripping is applied. Furthermore, there is no influence on the flow field from side walls.
Figure 4.4b shows a Schlieren image during a wind tunnel run to clarify the wind tunnel
model configuration and basic properties of the flow field. The shock generator on top is
removable and adjustable in height and angle towards the flow field (α) as well as in axial
position in flow direction (see Fig. 4.3b). For the present experiments, it was adjusted so
that the nominal impingement point remains at the center of the exchangeable insert
in the bottom wall (x = 150 mm) for the majority of the runs. Deviations are pointed
out with the respective results. The wall insert always remains parallel to the direction
of the undisturbed flow field. Both the shock generator and the lower wall have 20◦

leading edges. The elastic part of the exchangeable wall section begins 114.8 mm from
the leading edge. The coordinate system is placed at this position with x facing in
free stream flow direction (Fig. 4.3b). Figure 4.3a shows the frame for flush mounting
the elastic insert with a thickness of 0.3 mm. In this way, panels with a free surface
area of 300 mm× 200 mm can be mounted. Panels made of stainless steel (1.4301) were
manufactured with 0.3 mm, 0.5 mm, and 0.7 mm nominal thickness. The thickness of
the panels was found to be 0.307 mm, 0.484 mm, and 0.687 mm. Total model width is
400 mm.

It should also be noted that the wind tunnel model, except for the elastic insert, is
made of thick stainless steel of large thermal capacity. This means that, for the given
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(a) Frame with elastic panel (0.3 mm version) and distance sensor positions (see also Tab. 4.5)

a

(b) Side view

Figure 4.3: Wind tunnel model geometry (all measures in mm)
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(a) Side view of the wind tunnel model in the H2K test section

(b) Example Schlieren image

Figure 4.4: Experimental setup

79



4 Hypersonic FSI with Combined Thermal and Pressure-Driven Effects

Table 4.2: Uncertainty estimate of flow conditions upstream of the SWBLI at
Ma∞ = 5.33

p0 T 0 Ma∞ κ α pw T∞

i 1250.0 kPa 390.00 K 5.33 1.400 0.00◦ 1.628 kPa 58.4 K

∆i 2.0 kPa 1.56 K 0.015 0.001 0.07◦ — —

∆i/i 0.16 % 0.4 % 0.28 % 0.1 % — — —

∆pi 0.003 kPa — 0.027 kPa 0.010 kPa 0.016 kPa 0.033 kPa —

∆pi/p 0.16 % — 1.7 % 0.64 % 0.96 % 2.05 % —

∆T i — 0.23 K 0.28 K 0.18 K 0.16 K — 0.44 K

∆T i/T — 0.40 % 0.48 % 0.31 % 0.27 % — 0.75 %

Table 4.3: Uncertainty estimate of flow condition in the SWBLI at Ma∞ = 5.33

p0 T 0 Ma∞ κ α pw T 2

i 1250.0 kPa 390.00 K 5.33 1.400 20.00◦ 12.56 kPa 130.8 K

∆i 2.0 kPa 1.56 K 0.015 0.001 0.087◦ — —

∆i/i 0.16 % 0.4 % 0.28 % 0.1 % 0.43 % — —

∆pi 0.02 kPa — 0.159 kPa 0.097 kPa 0.080 kPa 0.204 kPa —

∆pi/p 0.16 % — 1.27 % 0.78 % 0.636 % 1.63 % —

∆T i — 0.52 K 0.31 K 0.72 K 0.49 K — 1.06 K

∆T i/T — 0.40 % 0.24 % 0.55 % 0.37 % — 0.81 %

flow conditions, heating of the model itself is negligible. However, the thin elastic panel
can heat up sufficiently to buckle against its cold frame, similar to the observations in
Chapter 3, but at much lower temperatures.

4.1.3 Instrumentation, Uncertainty and Data Processing

Flow Conditions

Total pressure (p0) and total temperature (T 0) were measured in the settling chamber
(Fig. 4.1). The total pressure was measured using a GE UNIK 5000 with an uncertainty
of 0.04 % of its range of 5 MPa. The total temperature was measured using a Type K

thermocouple with an uncertainty of 0.4 % of the measured temperature. For unknown
quantities, the uncertainty was obtained from an estimated range as suggested in
DIN 1319 [35, 36]. The range of κ was estimated based on tabulated values in [3, 106]. The
range for wind tunnel model misalignment was based on values typically achieved during
the mounting process. The uncertainty of the flow conditions given in Tabs. 4.2 and 4.3
was evaluated following [134, 174]. For each input quantity, the absolute value (i), the
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Table 4.4: Thermal properties of the PEEK insert [6, 19]

Ensinger TECAPEEK

Density 1310 kg/m3

Heat capacity 1100 J/(kgK)
Thermal conductivity 0.27 W/(mK)
Emissivity 0.95

absolute uncertainty (∆i), and relative uncertainty (∆i/i) were evaluated regarding their
respective contribution to the wall pressure (pw) and free stream temperature (T∞) or
temperature downstream of an incident shock (T 2). These respective contributions were
evaluated numerically and added using the variance formula1. As there is no analytic
solution for the wall pressure in the SWBLI, the uncertainty is estimated based on the
conditions after an oblique shock with a turn angle of α = 20◦ (Tab. 4.3).

Rigid Reference Panel

A rigid Polyether ether ketone (PEEK) panel of 20 mm thickness, which could be inserted
in place of the elastic panel, was used for reference measurements. The respective
structural properties are given in Tab. 4.4. It was outfitted with PSI 1615B-TL pressure
scanners connected to pressure ports to assess the static pressure distribution on the
panel. Uncertainty for these sensors is 0.05 % of the 100 kPa range.

The surface temperature was recorded using an IR camera InfraTec ImageIR 8380
(640 pixels× 512 pixels, 2 – 5.7µm) with a maximum frame rate of 100 Hz. The mea-
surement uncertainty given by InfraTec for measurements below 372.15 K is 1 K. The
geometrical properties of the system were calibrated using a GOM CP 20 reference object.
The image position was thus corrected using the in-house tool Render Object Based
Orientation Tracking (ROBOT) [175]. Heat fluxes into the wall were calculated using the
in-house tool VisualHeatflow [75], assuming one-dimensional heat flow in wall-normal
direction. The lower wall of the rigid panel facing into the cavity was assumed to be
adiabatic. For comparison, Stanton numbers for a laminar and turbulent boundary layer
were computed using the correlations given in [96]. Prandtl number and recovery factor
were chosen according to [79].

Elastic Panel

The elastic panels were instrumented with several non-intrusive distance sensors placed
underneath the panel. Three capacitive distance sensors CS5 and two CSH2FL by Micro-
Epsilon were used with Micro-Epsilon capaNCDT 6350 amplifiers, enabling measurements
at 50 kHz (−3 db). The maximum operating temperature of the sensors is 200 ◦C with a
temperature sensitivity of −160 nm/K. Thus, no relevant effect of the sensor temperature

1in German referred to as Gauß-Verfahren
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Table 4.5: Displacement sensor positions

Sensor Type Position x /mm y /mm

CS5 front 75 0
CS5 center 155 0
CS5 rear 225 0
CSH2FL left 155 62
CSH2FL right 155 −62

on the distance measurements is expected. The non-linearity of the sensors is smaller
than 12µm for the CSH2FL used with 4 mm range, and smaller than 15µm for the CS5

with 5 mm range. For the runs where measurements exceeded 5 mm, the range of the
CS5 sensors was doubled, also doubling the non-linearity estimate. The uncertainty
caused by non-parallel orientation of the sensor and the target surface were provided by
Micro-Epsilon [179]. Based on this, an uncertainty of 9µm has to be added for cases
with significant panel deflection. The sensor positions are listed in Tab. 4.5 and also
shown in Fig. 4.3a.

The PSD of the measured deformation was calculated following Welch’s method [168],
using Hann windows, a block length of 10000 samples, and an overlap of 0.5, resulting in
a frequency resolution of 5 Hz. For the spectrograms, the PSD was averaged for 5 blocks
with an overlap of 0.6, resulting in a time step of 0.2 s.

Two GE UNIK 5000 pressure sensors with 10 kPa and 20 kPa range were used to measure
the pressure inside the cavity underneath the panel with an uncertainty of 0.4 % of their
respective range, allowing measurements at up to 5 kHz.

Flow Field

Special attention was given to the Schlieren optical system. Previously, a coincident
Schlieren system was used at H2K. This system was designed for maximum sensitivity but
has some drawbacks regarding sharpness of the images and two-dimensional configurations.
For example, images obtained with that setup with a preliminary version of the present
wind tunnel model are shown in [20]. Thus, the system was replaced by a newly built
Z-type setup with 600 mm diameter mirrors with 6 m focal length (Appendix B). To
facilitate short duration imaging, the FASTCAM SA-X2 high-speed camera was outfitted
with a 290 ns shutter. Due to the free jet test section of H2K, the present setup does
not suffer from a distortion of the flow field caused by the wind tunnel walls, which
obstructs the view of the test section center in similar setups (e. g. Chapter 2 and [135]),
complicating the analysis of the flow field. Images were recorded at 10 kHz to resolve
effects of structural dynamics on the flow field as well as low-frequency dynamics of the
SWBLI. The analysis was conducted similarly to [5, 91, 92, 155], calculating the PSD of
the grey scale value (I) for each pixel using Welch’s method with Hann windows, a block
length of 1000 samples, and an overlap of 0.5, resulting in a frequency resolution of 10 Hz.
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(a) 255 Hz (b) 341 Hz (c) 436 Hz

Figure 4.5: Examples of measured modes of the 0.7 mm panel without flow (amplitudes
not to scale)

This method has been shown to achieve good agreement in comparison to measurements
of structural displacement of an elastic structure regarding the lower panel modes [33].
A different approach has previously been pursued for a similar configuration in [31, 174,
177], tracking various shocks appearing in the flow field and using these measurements
for further analysis. This approach works well with Schlieren images (e. g. Fig. 4.4b).
For the high-speed recordings with the present setup, high-speed shadowgraph images
were recorded without a cut-off, which brings out the shocks less drastically, but allows a
better view of most of the SWBLI area. Furthermore, it simplifies setting up the system
consistently throughout several measurement campaigns, improving comparability of the
images.

4.1.4 Properties of the Elastic Panel

Dynamic Properties

Prior to the wind tunnel runs, the properties of the elastic panel were investigated using
an automatic impact hammer Maul-Theet vlimpact-60 equipped with a force sensor
and a Maul-Theet ScanSet. This system is equipped with a laser Doppler velocimeter
OptiMet Nova that allows measurements of the surface velocity at multiple locations in
order to obtain eigenfrequencies of the panel and respective mode shapes. Exemplary
results are shown in Fig. 4.5. Furthermore, in addition to the described prestress of the
panels from the welding procedure, we found an influence of the panel mounting on the
eigenfrequencies of the panel.

An ANSYS FEM model was set up to support this assumption and analysis of the
measured panel dynamics. The edges of the panel were considered clamped and the
prestress was adjusted using the measured eigenfrequencies of the panel after the final
mounting in the wind tunnel. A density of 7900 kg/m3 and an elastic modulus of
200 GPa were used. The result was compared to the measured eigenfrequencies of the

83



4 Hypersonic FSI with Combined Thermal and Pressure-Driven Effects

panel after the final mounting in the wind tunnel. Results and discussion are included in
Sections 4.2.2 and 4.2.3. Calibrating a structural model with measured results is often
necessary for similar setups [55, 150].

Effects of the Cavity

In addition to the wall pressure on the side of the panel that is exposed to the flow,
the pressure underneath the panel is an important boundary condition. A pressure
difference across the panel leads to deformation and induces stresses that influence mean
deformation and structural dynamics (e. g. [10, 174]). For the present experiments, the
pressure in the cavity is always set to the average static wall pressure obtained from
measurements on the rigid reference panel (see Section 4.2.1). This avoids large prestress
and deformation of the panel, that limited panel dynamics in previous experiments in
TMK (see Chapter 2 and [174]). The pressure was set before wind tunnel startup and the
cavity underneath the panel remained sealed throughout the run. During some initial
runs, small leakage occurred most likely along the cabling of the instrumentation in the
cavity. However, the leakage did not appear to have a detectable influence which was
discussed at length in [33]. This concerns only runs 24 – 26 (Section 4.2.2). Furthermore,
the cavity itself can have an influence on the panel dynamics [42]. A calculation for a
cavity of the same size for various pressure levels and reference experiments are provided
in [174], showing that no significant effects are expected for the present configuration
for small deflections because of the low cavity pressure. For large panel deflections, the
cavity may have to be included in simulations. The volume of the cavity is 0.0022 m3.

4.2 Results

First, experiments with the rigid reference insert were conducted to obtain data on
wall pressure, flow field dynamics, and structural heating for various shock generator
angles and without shock generator. Following these experiments, elastic panels were
installed to study FSI with and without shock generator. The effects of variations of
the inflow temperature, shock generator angle and position as well as panel thickness
were investigated. A broad range of structural responses was obtained including thermal
buckling, flutter, and SWBLI-dependent dynamics.

4.2.1 Reference Measurements on the Rigid Insert

Wall Pressure

Figures 4.6 and 4.7 show time-averaged wall pressure measurements on the rigid wall for
various shock generator angles on and off the centerline. As expected, the maximum
pressure rises with increasing shock generator angle. In lateral direction, the pressure
measurements at y = 90 mm show good agreement with the measurements on the center-
line, confirming that the flow field is nearly two-dimensional in the area of the insert. For
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Figure 4.6: Average wall pressure (pw) on the rigid insert at various shock generator
angles

large shock generator angles, the initial pressure rise takes place considerably upstream
of the nominal impingement position in the center of the panel (x = 150 mm) due to the
occurring flow separation. The second distinct pressure rise in flow direction in these
cases is caused by the reattachment shock on the downstream side of the separated
area.

At α = 20◦, the separated area drastically increases in size (Fig. 4.7), apparently so much
that the separation takes place where the boundary layer is still laminar. To confirm this
assumption, the shock generator was moved downstream in several stages. The resulting
measurements were shifted upstream in the plot (Fig. 4.7) by the respective ∆x for
easier comparison. It can be seen that no change occurs for a change in shock generator
position of ∆x = 10 mm. However, starting from ∆x = 25 mm the size of the separation
drastically decreases and looks more similar to a separation in a turbulent boundary
layer. A further downstream shift of ∆x = 50 mm does not change the resulting pressure
distribution detectably.
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Figure 4.7: Average wall pressure (pw) on the rigid insert at α = 20◦; ∆x indicates a
downstream shift in nominal shock impingement position for the wind tunnel run, but
the respective plot is shifted upstream by the same value for easier comparison

Wall Temperature

The effect of this flow structure on the the heating of the rigid insert is shown in Figs. 4.8
to 4.12. Figure 4.8 shows the heating of the wall without shock generator. The wall
temperature distribution shows a local maximum starting from about x = 50 mm which
is relatively constant in lateral direction (Fig. 4.8a). This is consistent with the suspected
boundary-layer transition near the beginning of the insert. To support this assumption,
Stanton numbers were computed from the measured temperature data and correlations
for a laminar and turbulent boundary layer. The correlation by Korkegi [96] was used
because it has shown good agreement in similar flow conditions in previous studies
[178]. The values computed from the experimental data show a distinct rise beginning
at the upstream end of the panel and a local maximum at about x = 60 mm indicative
of a laminar-turbulent transition of the boundary layer (Fig. 4.8b). This confirms the
assumption made based on the wall pressure measurements that the boundary-layer
transition takes place on the upstream part of the insert. The slightly different trend on
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the downstream end of the insert might be caused by heat transfer to the colder wind
tunnel model in x-direction that the computation of the experimental data does not take
into account. It is also interesting to note that, as expected, heat transfer from about
x = 50 mm locally exceeds what would be expected from a fully turbulent boundary
layer.

Next, cases with shock generator were investigated (Fig. 4.9 to 4.12). Changes in the
upstream boundary of the visible area are caused by the shock generator blocking the
view of the IR camera. Generally, the resulting wall temperature increases with rising
shock generator angle with a local maximum near the nominal impingement position
(x = 150 mm). The initial temperature rise shifts slightly upstream for low incident shock
angles as can be seen in comparison between Figs. 4.9a and 4.9b (see also Fig. 4.12a).
This is caused by the shock at lower incident angle impinging onto the boundary layer
upstream of the nominal location in the panel center. Starting from α = 15◦ (Fig. 4.10a),
a second peak in maximum temperature upstream of the nominal impingement position
can be observed. These peaks are also visible at about x = 110 mm in Fig. 4.10b for
α = 17.5◦, and at about x = 120 mm in Fig. 4.11b for α = 20◦ at a downstream shift of
the shock generator by ∆x = 50 mm. These locations correspond to the pressure rise
caused by the shock upstream of the separated area of the SWBLI (Figs. 4.6 and 4.7).

However, for the case at α = 20◦ at nominal shock generator position, a different behavior
occurs as already indicated by the pressure measurements. The upstream temperature
peak disappears from the field of view (Fig. 4.11a). It presumably still exists, but is
located so far upstream that the view is blocked by the shock generator. The pressure
measurements suggest (Fig. 4.7) that the location of the flow separation may even be
upstream of the rigid insert. In Fig. 4.12b, this case is compared to the case with the
shock generator moved downstream by ∆x = 50 mm (again, the plot for this case is
shifted upstream for easier comparison). For the latter case, two distinct peaks are visible
similar to the cases with lower shock generator angle (Fig. 4.12a). Figures 4.9 to 4.11 all
show nearly two-dimensional spatial distribution of Tw in lateral direction on the rigid
insert. However, it appears that the separation shock slightly curves, increasing with
rising incident shock angle. This is presumably caused by three-dimensional effects in
the separated area as, for example, discussed in [74, 100, 101] for a similar configuration.
Such effects are nearly unavoidable in wind tunnel configurations but considered small
for the present setup based on the presented temperature and pressure measurements.
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Figure 4.8: IR temperature measurements on the rigid insert after t = 10 s without
shock generator
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Figure 4.9: IR measurements of Tw on the rigid insert after t = 10 s with shock generator
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Figure 4.10: IR measurements of Tw on the rigid insert after t = 10 s with shock
generator
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Figure 4.11: IR measurements of Tw on the rigid insert after t = 10 s with shock
generator
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Figure 4.12: Spatial average of Tw on the rigid insert after t = 10 s
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Shadowgraph Images

The high-speed shadowgraph recordings (Figs. 4.13 to 4.15) provide further insight
into the flow structure and dynamics of the flow field. Figure 4.13a shows an image for
α = 17.5◦. The location of the initial separation can clearly be seen at about x = 110 mm,
again corresponding to the initial pressure rise shown in Fig. 4.6 and the temperature
peak in Fig. 4.12a. Furthermore, there is a change in the boundary layer visible at about
x = 50 mm that is most likely linked to the transition of the boundary layer. At the lower
left corner of the plot, a weak shock is emanating from the upstream end of the insert at
x = −15 mm. Also, the shock stemming for the leading edge of the wind tunnel model
is clearly visible traversing the y-axis at about y = 23 mm. For the case at α = 20◦ and
∆x = 50 mm (Fig. 4.13c), the behavior is similar. The size of the separation is increased
and shows good agreement to the measured pressure and temperature distributions.
Again, a drastically different behavior can be observed for α = 20◦ at nominal shock
generator position (Fig. 4.13b). The most striking feature is the very large size of the
separation. Here it becomes evident that, as already suspected based on the pressure
and temperature distributions, the separation shock starts considerably upstream of the
rigid insert. Based on the wall temperature measurements (Fig. 4.8), the flow separation
appears upstream of the boundary-layer transition, which is consistent with the large
observed size of the separation.

The high-speed videos provide insight into the dynamics of the flow field. Figures 4.14
and 4.15 show results based on the PSD of the grey scale values of each pixel from
the recorded videos. It should be kept in mind that this approach is limited to flow
features that are visible in the shadowgraph images. Furthermore, the shadowgraph
images integrate along the line of sight. Figure 4.14 shows the mean PSD of the grey
scale values below 1 kHz. The low-frequency unsteadiness is of particular interest as it
occurs in the same frequency range as eigenfrequencies of the structure. Figure 4.14
shows that such dynamics occur throughout the area where the SWBLI is visible in
Fig. 4.13. Figures 4.14a and 4.14c show that a maximum in visible dynamics occurs at
the separation shock. This is in line with previous experimental and simulation results
that generally show a maximum in low-frequency dynamics connected to the movements
of the separation shock (e. g. [131]). In the case with α = 20◦ shock generator angle at
nominal position, dynamics are also visible throughout the interaction area. However,
no distinct maximum was detected at the separation shock. A second maximum in
low-frequency dynamics occurs near the reattachment at the end of the separated area
in all three cases.

Additionally, it is interesting to look at frequency spectra at various locations in the
interaction region. In Fig. 4.15, spectra along a line parallel to the inflow at z = 10 mm
are shown. This distance to the wall is chosen for comparison to the elastic cases to
avoid looking directly at the flexible structure or the boundary layer. The distribution
of the maximum dynamics in flow direction is consistent with the above description. In
all cases, broadband dynamics without any distinct peaks occur, which corresponds to
previous measurements based on Schlieren images and pressure measurements for similar
configurations (e. g. at lower Ma [174, 177]).
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Figure 4.13: Frames from high-speed shadowgraph videos for the rigid wall configuration
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Figure 4.14: Mean PSD of grey scale values (I) from high-speed shadowgraph videos
for the rigid wall configuration below 1 kHz
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Figure 4.15: PSD spectra of grey scale values (I) from high-speed shadowgraph videos
for the rigid wall configuration along z = 10 mm below 1 kHz
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4.2.2 FSI without Incident Shock

0.3 mm Panel and Damage

Figures 4.16 to 4.18 show results of wind tunnel runs with a 0.3 mm panel without
incident shock.2 Before the flow was started, the wind tunnel model including the panel
was at ambient temperature. The pressure in the cavity underneath the panel was set to
the expected p∞ while the test chamber was evacuated. Because the test section remains
evacuated before the run, the panel is slightly deformed towards the test chamber for
t < 0 s, which can be seen in the time series plot of the displacement measurements in
Fig. 4.16a. When the flow is started, the panel quickly assumes an undeformed neutral
position. After a few seconds, large amplitude panel oscillations in excess of 2 mm set
in while the average displacement remains near z = 0 mm (Fig. 4.16b). The oscillations
appear at a frequency slightly above 200 Hz and slowly decrease throughout the wind
tunnel run (Fig. 4.16c). This trend also includes oscillations of lower amplitude during
tunnel startup around t = 0 s. It appears that the panel, as discussed previously, is
slightly prestressed from the manufacturing process. It then slowly heats up throughout
the wind tunnel run reducing prestress in the panel and passes through a threshold that
allows flutter dynamics to start. Another interesting event occurs at about t = 18.5 s:
After the average deformation of the panel remains at nearly 0 mm throughout the wind
tunnel run, suddenly a small change sets in that consists of a reduced flutter amplitude
(Fig. 4.16a), a small change in average deformation (Fig. 4.16b), and a reduction in the
resulting frequency (Fig. 4.16c). As all other conditions remain constant throughout the
wind tunnel run, this behavior is most likely caused by the heating of the panel throughout
the run leading to an expansion and buckling of the structure and consequently changing
its dynamic properties. A nominal repeat run is given in [33], showing good agreement
with the present run.

A total of four runs were conducted with this 0.3 mm panel. Figure 4.17 shows the
results of the last run during which a crack occurred on one side between panel and
frame. After the wind tunnel run and cool-down of the model, the panel receded to the
undeformed position. The damage was not visible but could be confirmed by significant
leakage when pressurizing the cavity before an intended next wind tunnel run. During
the wind tunnel run, the damage becomes apparent in a change in the temporal gradient
of the dominant frequency seen in Fig. 4.17c at about t = 13 s. A small change is also
visible in the cavity pressure at the same time [33]. Interestingly, panel flutter continues
at slightly reduced frequency until about t = 21 s, when suddenly the panel assumes
a buckled position (Fig. 4.17b) that instantly stops panel oscillations while the wind
tunnel continues to run at unchanged conditions. The buckling amplitude reached by
the damaged panel is significantly larger than what was observed in the previous run
(Fig. 4.16b).

For the run shown in Fig. 4.18, the protective nose cover on the leading edge of the wind
tunnel model was left on, adding a small radius of about 3 mm and a corresponding small
backward facing step. This geometry is not well defined, but led to remarkably large

2Run numbers 24 – 26 are consistent with [33].
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Figure 4.16: Panel displacement for 0.3 mm panel no. 1 without shock generator (run 25)
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Figure 4.17: Panel displacement for 0.3 mm panel no. 1 without shock generator includ-
ing panel damage (run 26)
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Figure 4.18: Panel displacement for 0.3 mm panel no. 1 without shock generator, modi-
fied leading edge (run 24)

changes in panel dynamics. Flow conditions from the wind tunnel are the same as in the
other runs with this panel (Figs. 4.16 and 4.17). The panel briefly exhibits oscillations of
significant amplitude at about t = 6 s and t = 13 s. Starting at t = 4 s, the panel shows
thermal buckling and snaps through between different shapes around t = 13 s, which may
be connected to the occurring dynamics. This impressively demonstrates the sensitivity
of such FSI-problems to very small aerodynamic disturbances, and may be an interesting
starting point for further studies.

Variation of Total Temperature for a 0.3 mm Panel

The observed connection between buckling and panel dynamics in the preceding experi-
ments was very small (in the nominal cases). Since this is an effect of particular interest,
it was investigated further using another 0.3 mm panel. To increase panel buckling,
T 0 was increased in small steps. Increased panel buckling is also expected to lead to
a distinct change in panel dynamics. The results of these experiments are shown in
Figs. 4.19 to 4.22. T 0 was increased in steps of 20 K, starting at the nominal 390 K. The
first run with this panel shows similar behavior to the previous runs with flutter onset
about 2 s later (Fig. 4.19). The average deformation remains near 0 mm throughout the
wind tunnel run with the exception of small deviations near flutter onset at about t = 6 s
(Fig. 4.19b). The predominant frequency of the panel oscillations also slightly decreases
during the run (Fig. 4.19c). Figure 4.20 shows the next run, for which T 0 was raised
by about 20 K (see Appendix A for exact flow conditions). The behavior is very similar
but, in line with the assumption that a certain heating-related reduction in stiffness is
necessary, the flutter onset occurs about 2 s earlier than in the previous run. For the
next two runs (Figs. 4.21 and 4.22), T 0 was again increased by another 20 K. For this
configuration, the panel assumes a buckled state before oscillations set in (Fig. 4.21b).
The first maximum in deformation is reached at about t = 5 s, after which a quick change
to a different buckled state without large oscillations occurs. This is followed by the onset
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Figure 4.19: Panel displacement for 0.3 mm panel no. 2 without shock generator –
nominal flow conditions (run 105)
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(a) Time series plot of the panel displacement

0 2 4 6 8 10 12 14 16 18 20
−2

−1

0

1

2

t /s

z
/m

m

front center rear

left right

(b) Moving average of the panel displacement

−2 −1 0 1 2

log(PSD(z)) /log(mm2/kHz)

0 2 4 6 8 10 12 14 16 18 20
0

0.2

0.4

0.6

0.8

t /s

f
/k

H
z

(c) PSD of the center displacement

Figure 4.20: Panel displacement for 0.3 mm panel no. 2 without shock generator –
T 0 + 20 K (run 106)
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Figure 4.21: Panel displacement for 0.3 mm panel no. 2 without shock generator –
T 0 + 40 K (run 107)
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Figure 4.22: Panel displacement for 0.3 mm panel no. 2 without shock generator –
T 0 + 40 K (run 108)
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of large panel oscillations at t = 6 s, during which average deformation nearly disappears.
Presumably, a buckled state remains, but is not detectable in the average deformation
due to the oscillations. At about t = 11 s, oscillations cease and the panel assumes a
buckled state that stiffens the panel sufficiently to end oscillations. This takes place
while the wind tunnel is still running at constant conditions. This run was repeated
at the same conditions and shows good agreement (Fig. 4.22). Interestingly, at about
t = 16 s, a brief incident of oscillation takes place when the panel is already in a strongly
buckled state.

4.2.3 FSI with Incident Shock

0.5 mm Panel

In a next step, the panel thickness was changed and a variation of shock generator angles
was investigated. Figures 4.23 and 4.24 show the deformation of the 0.5 mm panel during
wind tunnel runs without shock generator and with various shock generator angles (α).
In a reference run without shock generator, moderate buckling occurred (Fig. 4.23a). In
contrast to the previous runs with the 0.3 mm panel, no significant dynamics took place
for the configuration without shock generator due to the increased stiffness of the thicker
panel.

Figure 4.23b shows the results after addition of a shock generator at α = 15◦. The cavity
pressure for all runs with shock generator is set to the average wall pressure on the rigid
wall for the respective shock generator angle (Figs. 4.6 and 4.7). Thus, the deformation
of the panels towards the test section before flow startup (t < 0 s) is greater for runs with
shock generator. After the flow is started, the panels generally assume a deformed state
where the front position moves up (positive z-direction) and the center and rear parts of
the panel deform into the cavity. Initially, this is only due to the pressure distribution
caused by the SWBLI (see Figs. 4.6 and 4.7 for the respective pressure distributions on
the rigid wall). During the wind tunnel run, the occurring thermal buckling increases
drastically compared to the first run without shock generator and adds to the initial
pressure-induced panel deformation by thermal expansion of the panel. This corresponds
to the significant change in Tw caused by the incident shock and SWBLI (see Figs. 4.8a
and 4.10a for the respective temperature distributions on the rigid wall). Also there is
an increase in panel dynamics, but the amplitude is very low.

Figures 4.23c and 4.24a show runs with α = 17.5◦. In these runs, large panel oscillations
with amplitudes of several millimeters set in directly after flow startup. Throughout
the run, these oscillations decrease while the panel shows thermal buckling to an even
greater extent than in the runs with α = 15◦, which is consistent with the increased wall
temperatures reached with α = 17.5◦ (Fig. 4.10b). Repeatability between the two runs
is very good. For the next run (Fig. 4.24b), the shock generator angle was increased
further to α = 20◦. Interestingly, panel dynamics also start immediately when the wind
tunnel flow starts, but amplitudes are considerably lower than in the previous case and
again, dynamics decline as the panel buckles during the run.
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(a) Time series plot of the panel displacement without shock generator (run 85)
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(b) Time series plot of the panel displacement at α = 15◦ (run 87)
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(c) Time series plot of the panel displacement at α = 17.5◦ (run 88)

Figure 4.23: Panel displacement for a 0.5 mm panel with and without shock generator
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(a) Time series plot of the panel displacement at α = 17.5◦ (run 89)
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(b) Time series plot of the panel displacement at α = 20◦ (run 90)

Figure 4.24: Panel displacement for a 0.5 mm panel with shock generator
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Table 4.6: Computed panel modes for the 0.7 mm panel (number of neutral lines in
x;y-direction)

Panel modes

Mode (x;y) 0;0 1;0 0;1 1;1 2;1 2;1 4;0 0;2 1;2

f /Hz 231 337 439 478 520 642 650 715 787

These runs with the 0.5 mm panel demonstrate that the incident shock configuration
leads to flutter in cases where is does not occur without incident shock, but also that an
increase in incident shock angle can reduce or suppress flutter. Furthermore, the increase
in thermal buckling of the panel with rising incident shock angle shows the effect of the
heat flux augmentation caused by the SWBLI also increasing with rising incident shock
angle.

0.7 mm Panel

After a wide variety of panel dynamics was observed for the 0.3 mm and 0.5 mm panels,
panel thickness is further increased to 0.7 mm. Figures 4.25 to 4.35 show results from
wind tunnel runs with a 0.7 mm panel with and without shock generator. Figures 4.25a
to 4.25c show time series plots for runs with the 0.7 mm panel without shock generator.
Again, the panel is slightly deformed towards the test section before flow startup and
then assumes an undeformed position. Towards the end of the run, well visible from
about t = 12 s, the panel starts to buckle due to the thermal expansion of the panel.
Interestingly, the timing of the onset of panel buckling is similar in all three cases whereas
the direction and amplitude vary. This is seen as positive regarding the quality of the
manufactured panel, e. g. a panel that shows initial deformation after manufacturing is
likely to clearly show a preferred direction of buckling. Also, this is once a again a good
example of the difficulty of predicting the behavior of a real structure. Similar to the
0.5 mm panel, no significant panel dynamics occur.

Figures 4.25d and 4.26 show the PSD of the displacement measurements directly after
flow startup to characterize panel dynamics of the mounted panel in cold condition
without pressure difference across the panel. In Fig. 4.25d, this is compared to an ANSYS

solution (Tab. 4.6) as described in Section 4.1.4. Good agreement was achieved regarding
the predicted frequencies of the lower modes. Furthermore, the modes can clearly be
attributed to the PSD of the panel displacment. For example, the 0;0 mode at 231 Hz
leads to large amplitudes at all locations, while the 0;1 mode at 439 Hz mostly shows up
at the left and right positions consistent with its neutral line in y-direction.

Figure 4.26 shows spectra from the runs before and after the runs with high amplitude
dynamics (Figs. 4.27 to 4.35). The good agreement in the spectra before and after these
runs suggests that the panel has not been substantially damaged in the course of these
runs. Some differences occur around 0.7 kHz, but orders of magnitude lower than the
dynamics at lower panel modes (note the logarithmic scale). The complete disappearance
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(a) Time series plot of the panel displacement without shock generator (run 91)
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(b) Time series plot of the panel displacement without shock generator (run 92)
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(c) Time series plot of the panel displacement without shock generator (run 101)
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Figure 4.25: Panel displacement for a 0.7 mm panel without shock generator
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(c) PSD of the panel displacement at the rear position

Figure 4.26: PSD of panel displacement for a 0.7 mm panel without shock generator
(run 91, 92, 101)
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Figure 4.27: Panel displacement for a 0.7 mm panel with shock generator at α = 17.5◦,
∆x = 0 mm (run 93)
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of panel deformation after cool-down after each wind tunnel run is monitored as additional
health check.

Figure 4.27 shows a time series plot and spectrogram of a wind tunnel run with the
0.7 mm panel with shock generator at α = 17.5◦. After flow startup, the panel assumes a
deformed state with the upstream part of the panel (front sensor) bending into the flow
and the rest of the panel deformed into the cavity caused by the pressure distribution
in the SWBLI. This deformation continues to increase throughout the run, but at a
declining rate of change. This is due to the heating of the panel structure. Dynamics
with a maximum amplitude of about 2 mm set in shortly after flow startup, reaching
a maximum between about t = 1 s and t = 2 s and mostly subsiding around t = 4 s
due to the increased stiffness of the structure caused by the deformation. This again
demonstrates that the incident shock facilitates structural dynamics where they would
not occur otherwise. The amplitude of the panel dynamics, as expected, is lower than
for the same configuration with 0.5 mm panel (Figs. 4.23c and 4.24a).

Variation of the Shockgenerator Position for the 0.7 mm Panel

Figures 4.28 to 4.35 show the results from various wind tunnel runs with an increased
shock generator angle of α = 20◦. Generally, unlike for the 0.5 mm panel, the increase in
incident shock angle from α = 17.5◦ to α = 20◦ leads to an increase in panel dynamics.
This shows that, depending on the configuration, an increase in incident shock angle can
both inhibit and facilitate structural dynamics.

In the runs shown in Figs. 4.28 to 4.35, the shock generator at α = 20◦ is placed at
several x-positions starting with the nominal position (∆x = 0 mm) with impingement
in the panel center. From there it is moved downstream by ∆x relative to the nominal
position to investigate the effect of the resulting change in static (Figs. 4.6 and 4.7) and
dynamic (Figs. 4.14 and 4.15) pressure loads as well as structural heating (Figs. 4.11
and 4.12).

Figure 4.28 shows a wind tunnel run with shock generator at nominal position (shock
impingement at x = 150 mm). As in the previously discussed runs, the panel is deformed
towards the test section before flow startup because of the pre-set pressure in the cavity.
As the flow is started, the panel assumes a deformed position with the upstream part of
the panel (front sensor) deforming into the flow and all other positions deforming away
from the flow caused by the wall pressure distribution in the SWBLI. As expected, the
deformation in the center is greater than at the sides. With the shock generator moved
downstream (Figs. 4.30a, 4.31a, 4.33a and 4.34a) the maximum of the deformation into
the cavity moves downstream as well. It reaches a maximum amplitude at the center
position for a shock generator position of ∆x = 25 mm shown in Fig. 4.30a. When
the shock generator is moved further downstream, the absolute deformation is reduced
(Figs. 4.31a, 4.33a and 4.34a) as the wall pressure rise caused by the SWBLI is shifted
downstream and partly off the elastic area. For the rearmost position of the shock
generator (∆x = 100 mm), the panel is only deformed into the cavity at the rear sensor
position, but into the flow on all other positions.
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(a) Time series plot of the panel displacement
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Figure 4.28: Panel displacement for a 0.7 mm panel with shock generator at α = 20◦,
∆x = 0 mm (run 95)
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Figure 4.29: Panel displacement for a 0.7 mm panel with shock generator at α = 20◦,
∆x = 0 mm (run 95)
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Figure 4.30: Panel displacement for a 0.7 mm panel with shock generator at α = 20◦,
∆x = 25 mm (run 96)
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Figure 4.31: Panel displacement for a 0.7 mm panel with shock generator at α = 20◦,
∆x = 50 mm (run 100)
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Figure 4.32: Panel displacement for a 0.7 mm panel with shock generator at α = 20◦,
∆x = 50 mm (run 100)
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Figure 4.33: Panel displacement for a 0.7 mm panel with shock generator at α = 20◦,
∆x = 100 mm (run 98)
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Figure 4.34: Panel displacement for a 0.7 mm panel with shock generator at α = 20◦,
∆x = 100 mm (run 99)

119



4 Hypersonic FSI with Combined Thermal and Pressure-Driven Effects

0 45 90 135 180

∆Φ /◦

0 2 4 6 8 10 12 14
0

0.2

0.4

0.6

0.8

1

t /s

f
/k

H
z

(a) Phase difference between front and rear displacement signals

0 2 4 6 8 10 12 14
0

0.2

0.4

0.6

0.8

1

t /s

f
/k

H
z

(b) Phase difference between front and center displacement signals

Figure 4.35: Panel displacement for a 0.7 mm panel with shock generator at α = 20◦,
∆x = 100 mm (run 99)
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The presence of the SWBLI at various positions leads to different dynamic behavior of
the structure. Throughout the wind tunnel runs, the properties of the panel are further
changed by the heating of the structure which also strongly depends on the SWBLI. As
shown in some of the previous cases, this can facilitate an increase in structural dynamics
but can also lead to a stiffening of the elastic structure and consequently to a reduction
of structural dynamics. Such a reduction of structural dynamics in the course of the
wind tunnel run can be observed for all of the runs with the 0.7 mm panel and α = 20◦

except for ∆x = 0 mm (Fig. 4.28a), where dynamics increase throughout most of the
wind tunnel run. With the shock generator moved downstream by just ∆x = 25 mm
(Fig. 4.30a), dynamics almost ceased completely towards the end of the run, whereas large
amplitude dynamics occurred for about t = 6 s in the beginning of the run. For the runs
with the shock generator at ∆x = 50 mm (Fig. 4.31a) and ∆x = 100 mm (Figs. 4.33a
and 4.34a), amplitudes at the beginning of the wind tunnel run are lower than in the
previous cases and mostly declining throughout the wind tunnel run but they do not
subside entirely.

Further insight into the occurring structural dynamics is provided by the spectrograms
for the respective cases. A general trend at many of the excited frequencies is the
decrease of these frequencies as the panel heats up during the wind tunnel run (e. g.
Fig. 4.28b). However, this is not always the case for all frequencies. In particular in run
96 (Fig. 4.30b) and run 100 (Fig. 4.31b), there appears to be a convergence of several
pairs of two modes of which one declines in frequency while the other one rises till they
converge at t = 7 s and t = 8 s respectively. It appears that this convergence coincides
with a distinct decrease in oscillation amplitude (Figs. 4.30a and 4.31a). An interesting
feature that becomes evident in the spectrograms is that for some configurations and
conditions, large amplitude dynamics take place with relatively sharp peaks in PSD of
the displacement (e. g. run 95, Fig. 4.28b) while similarly large dynamics occur with a
significantly more broadband excitation of the structure for other configurations or even
just thermal conditions of the panel (e. g. run 99, Fig. 4.34b). In the latter cases, distinct
maxima at various frequencies are still visible, but the PSD in other areas is about an
order of magnitude greater.

The phase plots shown were computed for the phase difference between the front and
rear sensor as well as the front and center sensor. For example, a phase difference of 0◦

indicates that the signals are in phase, while a phase difference of 180◦ would indicate
that they are opposite in phase. The result is considered relevant in areas where the
respective spectrogram shows a significant result. Thus, the suggested way to read the
diagrams is to identify the feature of interest in the PSD spectrogram and then consult
the respective position in the phase diagram. In this way, the phase plots indicate that
the maxima in the PSD spectrograms are linked to various panel modes. First, the
lowest local maximum in the PSD plots (Figs. 4.28, 4.31 and 4.34) is considered. At the
same frequency in the phase plots (Figs. 4.29, 4.32 and 4.35), it can be seen that the
respective measurements are all in phase regarding the measurements at front, center,
and rear positions. This indicates that no neutral lines in x-direction exist and that the
0;0-mode of the panel is observed. The frequency of course differs from the value for the
cold panel without pressure load that was shown in Fig. 4.25d, as the panel changes its
deformation and thermal state throughout the wind tunnel run. The PSD and phase
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plots for run 95 (Figs. 4.28 and 4.29) for the mode starting at about 500 Hz show that the
front and rear signals are in phase, but the center signal is opposite in phase, indicating a
mode with two neutral lines in x-direction. In areas where significant dynamics occur at
a broader frequency range, distinct maxima in the spectrograms at 0◦ or 180◦ phase are
still present. For the dynamics outside the frequency with maximum PSD where there are
still significant levels of excitation, the phase output is constantly changing over time (see
Fig. 4.35 throughout the run as well as Fig. 4.32 until about t = 8 s at frequencies above
500 Hz). Another interesting feature can be found in run 100, where the spectrogram
(Fig. 4.31) shows converging branches of maxima of the PSD between the beginning
of the run and approximately t = 8 s. The respective spectrograms indicate that the
branches converging around 200 Hz are all in phase while for the branches around 400 Hz
the branches are of opposite phase regarding the front and rear signal (Fig. 4.32).

Shadowgraph Images

In the case with a rigid wall, it was shown that a small change in shock generator position
leads to a drastic change in the size of the separation (Fig. 4.13). Similar changes also
occurred during wind tunnel runs with elastic insert, but within the wind tunnel run
without change of the shock generator position. It appears that this was caused by the
panel dynamics. Some frames from the high-speed shadowgraph recordings have been
selected to illustrate this (Figs. 4.36 and 4.37). The frames are instantaneous examples
of the flow structure chosen to demonstrate the range of the occurring behavior.

Figure 4.36 shows frames from run 95 (Fig. 4.28) with the shock generator at nominal
position. At the beginning of the run at t = 1 s (Fig. 4.36a), only a large separation
occurs similar to what was observed for the rigid wall at the same shock generator
position. Later during that run, at t = 12 s (Fig. 4.36b) and t = 12.003 s (Fig. 4.36c),
the situation is drastically different. It appears that towards the end of the wind tunnel
run, a large difference in separation size occurs in the course of the panel oscillation.

Interestingly, during run 100 (Fig. 4.31) with the shock generator moved downstream
by ∆x = 50 mm, the situation is changed such that a similar large change in separation
size is again observed (Figs. 4.37a and 4.37b), but in this case during the beginning of
the run when the largest panel oscillations occur. At a later time, the flow separation
remained small (Fig. 4.37c), coinciding with smaller panel dynamics.

These large changes in separation size correspond to the occurrence of structural dynamics
with the largest observed amplitude, which allows the conclusion that the structural
dynamics are facilitating this large change in separation size by acting on the SWBLI,
but also that the large change in wall pressure connected to this change in the SWBLI

(Fig. 4.7) significantly contributes to the occurring structural dynamics. In conjunction
with the analysis of the SWBLI on the rigid wall, it appears that the change in separation
size is so large that the separation location moves back and forth between the laminar
and turbulent part of the boundary layer. The observation of this behavior for the cold
panel after wind tunnel startup and for the warm panel towards the end of the wind
tunnel run shows that this effect is not primarily driven by the temperature or static
deformation of the structure.
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Figure 4.36: Frames from high-speed shadowgraph videos for 0.7 mm panel with shock
generator at α = 20◦, ∆x = 0 mm (run 95)
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Figure 4.37: Frames from high-speed shadowgraph videos for 0.7 mm panel with shock
generator at α = 20◦, ∆x = 50 mm (run 100)
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Dynamics of the Shadowgraph Video

To gain further insight into the flow field dynamics, the PSD of the grey scale values of
the high-speed shadowgraph recordings is inspected again. Figures 4.38 to 4.40 show the
mean PSD of these recordings. The PSD was computed for intervals of 1 s from t = 1 s
and t = 12 s in order to allow for observation of changes during the wind tunnel run.

Besides the structures directly related to the SWBLI, local maxima can be observed
near the wall around z = 0 mm that are related to the direct observation of the elastic
panel and boundary layer oscillations visible in the images. In all cases, there are
increased dynamics in the vicinity of the reattachment area. However, in most cases
with elastic panel, no distinct local maximum appears at the location of the separation
shock, differing from observations with the rigid insert (Figs. 4.14a and 4.14c). This
is probably due to the continuous change in separation shock location caused by the
panel movement. The only exception appears for the rearmost shock generator position
at ∆x = 100 mm for the later time interval (Fig. 4.40b), which is a case with relatively
low panel dynamics (Fig. 4.34). Earlier during the same wind tunnel run, when higher
amplitude panel dynamics are still taking place, no distinct maximum at the separation
shock is present, but the PSD of the grey scale values is increased within the separation
area, showing the strong dependency of the SWBLI dynamics on the panel dynamics.
Throughout all runs (Figs. 4.38 to 4.40), higher levels of structural dynamics correspond
to higher levels of dynamics in the shadowgraph images and vice versa.

Additionally, as also computed for the rigid cases, Figs. 4.41 to 4.43 show spectra
for PSD of grey scale values along z = 10 mm. Generally, the frequencies of the lower
panel modes are strongly visible as horizontal lines, highlighting the drastic influence
of the panel dynamics on the flow field. In contrast to this, broadband excitation near
the reattachment appears as a vertical band. This is different from the observations
made in the rigid case where only vertical structures stemming from broadband SWBLI

dynamics were found (Fig. 4.15). Again, no distinct maximum at the separation shock
appears in the elastic cases. However, for the case with the rearmost shock generator
position of ∆x = 100 mm (Fig. 4.43b), several additional local maxima appear at various
frequencies in the displayed range near the separation shock at about x = 160 mm. It
is also interesting to note how large the change in the observed distribution is even
within the same run. Initially, mostly two distinct panel frequencies show up but not
the additional maxima near the separation shock (Fig. 4.43a).
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Figure 4.38: Mean PSD of grey scale values (I) from high-speed shadowgraph videos
for 0.7 mm panel at α = 20◦
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Figure 4.39: Mean PSD of grey scale values (I) from high-speed shadowgraph videos
for 0.7 mm panel at α = 20◦
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Figure 4.40: Mean PSD of grey scale values (I) from high-speed shadowgraph videos
for 0.7 mm panel at α = 20◦
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Figure 4.41: PSD of grey scale values (I) from high-speed shadowgraph videos for
0.7 mm panel at α = 2 0◦ at z = 10 mm
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(a) ∆x = 25 mm (run 96), t = 12 s to t = 13 s

0 50 100 150 200 250

0.2

0.4

0.6

0.8

1

x /mm

f
/K

H
z

(b) ∆x = 100 mm (run 100), t = 1 s to t = 2 s
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(c) ∆x = 100 mm (run 100), t = 12 s to t = 13 s

Figure 4.42: PSD of grey scale values (I) from high-speed shadowgraph videos for
0.7 mm panel at α = 20◦ at z = 10 mm
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(a) ∆x = 100 mm (run 99), t = 1 s to t = 2 s
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(b) ∆x = 100 mm (run 99), t = 12 s to t = 13 s

Figure 4.43: PSD of grey scale values (I) from high-speed shadowgraph videos for
0.7 mm panel at α = 20◦ at z = 10 mm
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Phase Portraits

The spectra of the measured panel displacement show substantial differences in panel
response between various runs. For example, narrow maxima were observed during run
95 (Fig. 4.28) and more broadband excitation in run 99 (Fig. 4.34). Excerpts of the
time series of the displacement measurements from these runs are shown in Figs. 4.44a
and 4.44b. The same interval is used to plot the phase portraits shown in Figs. 4.44c
and 4.44d. In the case of run 95, both the time series and phase plots indicate harmonic
oscillation predominately at about 215 Hz with additional oscillation at higher frequency
of drastically lower amplitude. Run 99 shows a considerably more complicated behavior
with varying amplitudes at various frequencies, which is also reflected in the phase portrait
in Fig. 4.44d. Such a behavior of the phase portrait can be indicative of chaotic dynamics
(in this context see also [10], where similar plots have been computed for a supersonic FSI

case without incident shock). Figures 4.44e and 4.44f show the corresponding spectra.
The plot for the displacement dynamics is essentially a “slice” from the spectrograms
(Figs. 4.28b and 4.34b). They clearly show the higher level in broadband dynamics in
the latter case. A plot of the dynamics extracted from the shadowgraph recordings is
added to show that the respective peaks are also present there.

0-1 Test for Chaos

Based on the previous results (e. g. Fig. 4.44), the question arises whether additional
analysis can contribute to understanding potential distinctions between these behaviors.
Gottwald and Melbourne [61] propose a procedure called “0-1 Test for Chaos” intended to
distinguish cases with regular dynamics from cases with deterministic chaotic dynamics.
In the present case, the test cannot distinguish deterministic chaotic FSI behavior ap-
pearing independently of flow turbulence (e. g. [10, 43]) from turbulence-driven dynamics,
which can also be considered deterministic chaos but are typically treated stochastically
[2, 88, 156]. However, the difference between such cases and cases with regular dynamics
independent of turbulent fluctuations is detectable.

The implementation follows [62, 63] and is briefly summarized. First, translation variables
are computed for a number of N samples of a measured value Φ(j) for 100 random values
of c ∈ (π/5, 4π/5) as suggested in [62]:

P c (n) =
n∑

j=1

Φ (j) cos (jc) (4.1)

Qc (n) =
n∑

j=1

Φ (j) sin (jc) (4.2)
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Figure 4.44: Dynamics of the center displacement sensor measurements, plots e and f
include the PSD spectrum of grey scale values from the respective high-speed shadowgraph
recording
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Plots of P and Q yield an indication whether chaotic behavior is present. Computed
examples for generic test cases are given in [63]. Experimental results for a supersonic
FSI case are given in [10].

Next, the behavior of the translation variables is analysed by computing the mean square
displacement M c(n) for n ≤ N/10:

M c (n) =
1

N

N∑
j=1

(
[P c (j + n)− P c (j)]2 + [Qc (j + n)−Qc (j)]2

)
(4.3)

A correction removing oscillations of M c(n) as shown in [60] is applied. This only changes
convergence but not the mean growth rate. The growth rate Kc is determined by fitting
a straight line through log(M c(n)) versus log(n), minimizing absolute deviation. If Kc

converges near 0, the observed dynamics are regular. In a chaotic case, Kc converges to
1, but convergence may not be reached for a given sample size. Even if full convergence
is not reached, this still gives a reliable indication (see [62] for a detailed discussion and
examples).

Intervals taken from displacement measurements and shadowgraph videos were low-pass
filtered and downsampled to 2 kHz to cover most relevant modes of structural dynamics
and low-frequency content in SWBLI (see [62] for comments regarding the sampling rate
on the 0-1 Test). The investigated intervals start at t = 5 s to exclude the larger changes
in deformation and temperature at the beginning of the wind tunnel run. However,
it should be noted that small temperature and deformation changes with an effect on
structural dynamics still take place during the later part of the wind tunnel runs.

Figure 4.45 shows the results based on the measurements of the center displacement sensor
from runs 95 and 99 (Figs. 4.28a and 4.34a). The plots of the translation variables P and
Q for an arbitrary value of c (Figs. 4.45a and 4.45b) yield a first indication that there is
a detectable difference in the dynamics between the analysed runs. This is confirmed by
the trend observed for the median K in Fig. 4.45c, where a clear distinction between
regular dynamics in run 95 and chaotic behavior for run 99 is found. In contrast to this,
the computations based on shadowgraph recordings of the same time interval (Fig. 4.46)
do not show such a difference for the translation variables (Figs. 4.46a and 4.46b) or
median K (Fig. 4.46c). The results indicate chaotic behavior in both cases.

This analysis does not allow a conclusion as to what extent the observed difference
between run 95 and 99 is caused by intrinsic SWBLI-dynamics. Nevertheless, it provides
a useful addition to analysing such data as chaotic behavior of the coupled system
may be an indication of unsteady aerodynamic effects from the flow field in some
cases. In this context, it is interesting to note that Brouwer et al. [12] were able to
reproduce experimentally observed chaotic dynamics for a panel exposed to supersonic
flow without shock generator by using numerical methods without considering turbulence,
thus supporting the validity of this approach.
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Figure 4.45: Results of the 0-1 Test for Chaos for panel displacement measurements
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Figure 4.46: Results of the 0-1 Test for Chaos for grey scale value from high-speed
shadowgraph videos
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4.3 Discussion

As shown numerically for inviscid and laminar flows at lower supersonic Mach numbers
in [161, 162], the presence of an incident shock can either facilitate or prevent flutter.
With the present setup, this has been experimentally demonstrated for the first time
in hypersonic flow by a large variation of the incident shock angle. Large amplitude
dynamics were obtained for a configuration in which it would not occur for lower incident
shock angles or in the absence of an incident shock. Vice versa a drastic reduction of
structural dynamics was obtained by increasing the incident shock angle in another case.
In a recent study [11], such behavior, again at lower supersonic Mach numbers, could be
well predicted using simplified piston theory-based models that were modified to include
an incident shock. However, the results start to deviate for cases where the coupled
behavior depends on detailed knowledge of heat transfer and the mean and unsteady
wall pressure distribution, e. g. SWBLI cases with flow separation.

In [162], the influence of the SWBLI was found to lead to complex non-periodic dynamics
for simulations of a configuration with laminar flow. For a similar configuration with
turbulent SWBLI in [147], it was observed using a fluid-structure coupled LES that
panel dynamics were only present in this turbulent configuration but not in an inviscid
reference case. In [9], large increases in flutter amplitude were found in comparison of an
inviscid reference case to a case with laminar incoming boundary-layer. In the present
study, a large variation of flutter dynamics was obtained by shifting the incident shock in
flow direction. The configurations obtained in this way included cases where the initial
flow separation took place in the laminar or turbulent part of the boundary layer. The
experiments showed a broad variety of resulting structural dynamics. In most cases,
lower modes of the panels were excited. However, substantial broadband dynamics were
also observed in some cases. These panel dynamics were distinctly detectable in the flow
field, and in some cases caused the separation shock to move back and forth between the
laminar and turbulent part of the boundary layer. This raises the question which part of
the influence of the SWBLI on the coupled system is dependent on the changed mean
pressure distribution or the intrinsic dynamics of the flow field.

Experiments and supporting simplified modelling suggest that for a case similar to the
present at lower Mach number, SWBLI dynamics have an influence on the resulting panel
dynamics [11, 58, 59, 150]. In other studies in [169, 174] as well as in Chapter 2 and [31],
setups were created that made it possible to look at the effect of SWBLI on a structure
without flutter, showing structural excitation by intrinsic SWBLI dynamics. This is an
important contribution in this area, but does not resolve the problem of untangling these
effects in cases such as the ones presented here, where both SWBLI dynamics and flutter
play a role in the resulting dynamics of the coupled system. Similar to a recent study
on a FSI case without SWBLI in [10], the present study showed that chaotic behavior
is likely to be present in the measured structural dynamics in some cases, but it was
not possible to distinguish effects stemming from the structure from the effects of the
SWBLI dynamics. This problem should ideally be addressed by joint experimental and
numerical studies with improved full-field instrumentation in the experiment and various
levels of fidelity in the simulations. Such studies would improve understanding of which
mechanisms drive the various aspects of the observed behavior. Regarding the study
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in [10], it was shown in [12] that chaotic behavior can also be found in an inviscid model
because it is not or not mainly driven by turbulence in such cases. This could also point
to a path forward regarding further analyses of the present experiments. However, given
the results, it appears likely the outcome will be more complicated and will also require
a complementary study resolving SWBLI dynamics.

It is remarkable how very small changes in temperature can completely alter the dynamics
of a structure in hypersonic flow. This has previously been shown for supersonic flows at
lower Mach number, e. g. experimentally in [95, 150] and theoretically in [39], and also
numerically for hypersonic configurations (e. g. [126]). In most cases in the literature, only
the flutter boundaries were obtained and the post-flutter behavior was not investigated.
The thermal state of the structure is directly related to the appearance of chaotic panel
motion in cases where the thermal expansion leads to in-plane compressive loads [12,
43]. The present experiments add full time records of flutter of panels in hypersonic flow
with and without SWBLI undergoing transient heating. This leads to heating-induced
starting and stopping of panel dynamics for which very small temperature changes were
sufficient. From an aerodynamics point of view, this sensitivity to small temperature
changes means that reliable knowledge of the heat transfer to the structure is crucial,
especially for flow fields that may include laminar-turbulent boundary-layer transition or
SWBLI. In the case of boundary-layer transition, it may not be certain whether the flow
is turbulent or laminar at a particular location which can even depend on structural
dynamics, leading to substantial uncertainty regarding the resulting structural heating.
As the present experiments show, using the highest expected temperature as worst case
estimate may very well be quite far from the worst case in terms of structural dynamics.
Heating prediction for SWBLI cases can be even more prone to error as it relies on
the properties of the incoming boundary layer as was drastically shown in the present
experiments. This adds to the complication of flow separation and in some cases resulting
Görtler-like vortices [17, 101]. Furthermore, changes in surface geometry drastically alter
heat transfer (e. g. Chapter 3 or [25]) and surface pressure, making coupled treatment of
such problems necessary.

Related to these considerations, the snap-through behavior of buckled structures is an
area that poses a significant challenge. This has been observed in the present study in
some cases, including a demonstration of its sensitivity to small upstream disturbances.
It can quickly and drastically alter mean panel deformation but also dynamic properties
resulting in changed heating and dynamics. Such snap-through behavior for a similar
setup at lower Mach number was also observed by [150]. It would merit focused studies
such as have been begun in [46, 90, 118], where experiments on detailed dynamic
characterization of structures under thermal loads without flow were conducted. In
[55], it was shown for a simplified model with artificially applied pressure fluctuations
that such pressure fluctuations can lead to repeated snap-through events of the panel.
Ideally, such studies should be continued using a combination of the aforementioned
techniques with wind tunnel experiments, detailed thermomechanical calibration of the
test structures, and supporting simulations.

While it is in principle not surprising that the dynamics described above can cause
damage to a structure, only very few such instances are documented. Given the described
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complexity and uncertainty it becomes clear how much of a challenge reliable life-time
prediction or SHM of a structure poses in such a highly non-linear system. E. g. detecting
the difference between a change in dynamics driven by structural failure or a temperature
change can be quite difficult. By obtaining FSI-driven damage on a panel in hypersonic
flow, an initial data set of such a failure was obtained, which demonstrates that further
studies on this subject are a feasible and promising extension of the present work.

139



140



5 Conclusion

Efficient and reliable orbital launch vehicles need to be designed for minimum weight and
to withstand severe aerothermodynamic loads. Understanding the interdependency of
the thermal and deformation state of the structure with the surrounding flow field (FSI)
is crucial for the reliable prediction of loads and thus design of such weight-optimized
super- and hypersonic vehicle structures. The recent push towards reusable vehicles
leads to drastic increases in desired vehicle life time and a substantial extension of the
relevant flight envelops which considerably adds to this challenge.

Many supersonic and hypersonic FSI configurations exhibit non-linear or path-dependent
behavior even without detailed consideration of aerodynamic problems (e. g. [55, 162]).
In addition, a broad range of FSI problems show an interdependency with complex aero-
dynamic features such as flow separation, turbulence or even non-equilibrium chemistry.
All of these can influence heat transfer as well as static and dynamic pressure distribution,
fundamentally altering the resulting behavior of the structure (e. g. [150, 151, 169, 174]).
The experimental database and modelling capabilities are quite limited regarding both
aspects.

5.1 Wind Tunnel Experiments

Three configurations were used to investigate a broad range of supersonic and hypersonic
FSI cases previously not available in the literature:

• A significant improvement to the supersonic incident SWBLI FSI setup by Willems
[174] was made by adding a novel high-speed rotatable shock generator that made
it possible to study nearly two-dimensional configurations. This included both
experiments with stationary incident shock for the study of the effect of intrinsic
SWBLI dynamics on FSI as well as fast-changing incident shock angles to study
the resulting high-amplitude structural oscillations.

• The first study of FSI with large panel deformation caused by thermal buckling
in hypersonic high-enthalpy flow with both spatially and temporally resolved
deformation and temperature field measurements was conducted to investigate
the interdependency between local heat transfer and deformation state in such
conditions. This setup is based on previous work by Niesner [124].

• The first investigation of an incident SWBLI FSI configuration in hypersonic flow
was conducted. This novel setup enabled the study of thermal buckling, flutter, and
snap-through effects for configurations with and without incident shock. Previously,
experimental results from such configurations were only available at considerably
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lower Mach numbers and only few cases included thermal effects (e. g. [111, 150,
174]).

5.2 Results

These experiments yielded results on the following aspects of FSI:

It was shown experimentally that the onset of flutter for an incident shock configuration
can be either inhibited or facilitated by the presence of an incident shock depending
on its strength. This is the only such experimental study in hypersonic flow. Similar
observations were made in fluid–structure coupled numerical simulations in [161, 162] for
simplified cases and recently also experimentally at lower Mach numbers [10].

Cases with high-speed moving incident SWBLI were observed to incite large panel
dynamics at different modes of the structure far greater than the structural dynamics
caused by the intrinsic SWBLI dynamics from a steady incident shock for the same
setup. On a rigid reference panel, it was also shown that the instantaneous wall pressure
depends on the movement of the shock generator similar to recent results in [17] where a
continuously rotating shock generator was used. Results of this FSI case have already
been used for comparison to three coupled simulations using LES to resolve the flow field
[81, 130, 185].

The preceeding study by Willems [174] showed a detectable influence of intrinsic
SWBLI dynamics on incident shock FSI. The present results using the new quasi two-
dimensional setup show that the effect of the intrinsic SWBLI dynamics increases panel
dynamics with increasing incident shock angle even despite the effective stiffening of the
panel that also increases with incident shock angle. In a configuration with adjusted
cavity pressure, this effect would be even more drastic. This observation corresponds
to recent results in [169] for a ramp configuration. The study also included reference
experiments on a rigid wall that were used to validate a LES by Pasquariello et al. [131],
showing good agreement of the pressure dynamics in the SWBLI.

FSI configurations with combinations of SWBLI dynamics and panel flutter were also
investigated. The results show a distinct change in SWBLI dynamics in comparison to
rigid reference cases that are clearly linked to the observed panel dynamics. Variations
in the occurring panel dynamics suggest that the SWBLI dynamics have a significant
influence on the structure. In some particularly interesting configurations, it appears
that the SWBLI initial separation shock changes between the laminar and turbulent
part of the boundary layer during the oscillation cycles of the panel. In all cases with
combinations of flutter and SWBLI dynamics, further work will be required to untangle
the respective contributions to the resulting dynamics.

Adding to previous hypersonic wind tunnel experiments on aerothermal heat flux aug-
mentation caused by rigid spherical protuberances [57] and deformable structures in
[73, 124], the present work presents the first spatially and temporally resolved surface
deformation and temperature data of an FSI experiment in an high-enthalpy flow field.
Deformations up to 12 times the panel thickness including plastic deformation were
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observed. The resulting temperature and deformation distribution clearly demonstrate
the interdependency of structural deformation and aerothermal heating, in particular
the locally increased heat transfer caused by deformations of the structure. The results
were used for validation of a coupled numerical simulation by Martin et al. [113, 114].

The drastic effect even of small temperature changes on the onset or stop of flutter
as well as buckling and snap-through behavior of a structure was demonstrated both
for configurations with and without incident shock that exhibited significant structural
dynamics. In cases without large oscillations of the structure, the heat flux augmentation
caused by the SWBLI increased structural deformation with rising incident shock strength.
This strong temperature dependency of the structural behavior is particularly critical
as reliable prediction of heat transfer remains a major challenge because of its strong
dependency on the state of the boundary layer and SWBLI as well as its coupling with
the local deformation state of the structure.

In one of the wind tunnel runs without SWBLI and large panel dynamics, a failure of
a panel occurred at the interface of the mounting frame and the panel, similar to an
incident described in [150] during experiments at lower Mach number. This demonstrates
that structural failure can be obtained with such a setup and could serve as a starting
point for future systematic studies.

5.3 Outlook

5.3.1 Experiments and Modelling

Given the broad range of FSI problems discussed, it is crucial to have reliable modelling
on various levels of fidelity as well as to have a good understanding of where the specific
limitations of the various approaches lie. Progress in modelling goes hand in hand
with suitable experiments that can be used for validation and to improve fundamental
understanding of the underlying mechanisms.

FSI-cases that have an interdependency with SWBLI-dynamics or a strong sensitivity to
aerothermal heat transfer are particularly important subjects for further study since they
pose the greatest challenge for modelling. Regarding cases with SWBLI, the interaction
between the dynamics inherent to the SWBLI and structural dynamics needs to be
analysed in more detail. Aerothermal heat transfer in itself remains a critical area of
research. Its prediction is further complicated in cases with quasi-static deformations
of the structure, singular dynamic changes in deformation, or sustained oscillations.
Furthermore, all this can, as demonstrated, lead to damage of panel structures, making
the observation and reliable prediction of the limits of structural capabilities in such
environments an important objective.

An extension of the experimental data base is crucial for further development in this area.
This should include advances in full-field methods, e. g. DIC, Particle image velocimetry
(PIV), and Schlieren-based analysis. Such FSI experiments have to be combined with an
extensive thermal and structural dynamics characterization structures, providing detailed
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data for modelling and analysis of FSI experiments. This should be complemented by
further advances in high-fidelity modelling, for example FSI simulations including LES, to
allow the detailed study of the influence of turbulence-dependent effects on the coupled
configuration regarding heat transfer and wall pressure. At the same time, it is crucial
to show how central features of these FSI problems can be captured with simplified
models to make such simulations available for engineering. These approaches have to be
validated or perhaps also calibrated against high-fidelity simulations and experiments.

5.3.2 Application-Oriented Considerations

A central question arising from the present and related works is how to assure a reliable
design if the worst case load is not a combination of maximum thermal and mechanical
loads but a specific combination of intermediate loads along some part of the trajectory
that yields the worst outcome. This is further complicated by the problem of designing for
large uncertainties in heat transfer that, as has been demonstrated, can have implications
far beyond changing the temperature of the vehicle structure.

Considering the sensitivity of the structural behavior to the mechanical boundary
conditions and the thermal environment, it would be important to conduct detailed
studies on the influence of realistic mounting and a realistic thermal environment, e. g. for
TPS panels on a launch vehicle. This might also include insulation materials and thermal
boundary conditions related to a cryogenic tank in different conditions throughout a
vehicle trajectory [172, 173]. Such considerations are also directly linked to the life-time
prediction for actual vehicle structures as well as SHM, which both pose significant
challenges when facing such a broad range of aerothermodynamic load conditions.
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A H2K Flow Conditions

A.1 Rigid Insert

Table A.1: H2K flow conditions – rigid wall

Ma α ∆x p0 T 0 p∞ T∞ Re∞

5.33 — — 1258 kPa 392.9 K 1638 Pa 58.9 K 19.2 · 106 /m
5.33 5◦ — 1236 kPa 391.0 K 1610 Pa 58.6 K 19.0 · 106 /m
5.33 10◦ — 1261 kPa 391.7 K 1642 Pa 58.7 K 19.3 · 106 /m
5.33 15◦ — 1257 kPa 393.0 K 1637 Pa 58.9 K 19.2 · 106 /m
5.33 17.5◦ — 1249 kPa 390.0 K 1626 Pa 58.4 K 19.3 · 106 /m
5.33 20◦ — 1266 kPa 393.7 K 1649 Pa 59.0 K 19.3 · 106 /m
5.33 20◦ 50 mm 1251 kPa 395.1 K 1631 Pa 59.2 K 19.0 · 106 /m
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A H2K Flow Conditions

A.2 Elastic Panel

Table A.2: H2K flow conditions – elastic panels

Run Ma α ∆x p0 T 0 p∞ T∞ Re∞

24 5.33 — — 1240 kPa 389.8 K 1616 Pa 58.4 K 19.2 · 106 /m
25 5.33 — — 1237 kPa 389.7 K 1611 Pa 58.4 K 19.1 · 106 /m
26 5.33 — — 1231 kPa 390.8 K 1604 Pa 58.6 K 19.0 · 106 /m
85 5.33 — — 1257 kPa 393.7 K 1637 Pa 59.0 K 19.1 · 106 /m
87 5.33 15◦ — 1251 kPa 390.5 K 1630 Pa 58.5 K 19.3 · 106 /m
88 5.33 17.5◦ — 1251 kPa 391.1 K 1630 Pa 58.6 K 19.2 · 106 /m
89 5.33 17.5◦ — 1255 kPa 394.5 K 1635 Pa 59.1 K 19.1 · 106 /m
90 5.33 20◦ — 1266 kPa 401.4 K 1651 Pa 60.2 K 18.7 · 106 /m
91 5.33 — — 1262 kPa 403.3 K 1646 Pa 60.5 K 18.5 · 106 /m
92 5.33 — — 1255 kPa 392.7 K 1635 Pa 58.8 K 19.2 · 106 /m
93 5.33 17.5◦ — 1254 kPa 390.9 K 1633 Pa 58.6 K 19.3 · 106 /m
95 5.33 20◦ — 1250 kPa 392.4 K 1628 Pa 58.8 K 19.1 · 106 /m
96 5.33 20◦ 25 mm 1264 kPa 396.1 K 1646 Pa 59.4 K 19.1 · 106 /m
98 5.33 20◦ 100 mm 1263 kPa 400.6 K 1647 Pa 60.0 K 18.8 · 106 /m
99 5.33 20◦ 100 mm 1259 kPa 393.2 K 1640 Pa 58.9 K 19.2 · 106 /m
100 5.33 20◦ 50 mm 1258 kPa 391.9 K 1639 Pa 58.7 K 19.3 · 106 /m
101 5.33 — — 1261 kPa 395.2 K 1643 Pa 59.2 K 19.1 · 106 /m
105 5.33 — — 1253 kPa 391.6 K 1631 Pa 58.7 K 19.2 · 106 /m
106 5.33 — — 1250 kPa 409.8 K 1632 Pa 61.4 K 17.9 · 106 /m
107 5.33 — — 1263 kPa 437.3 K 1651 Pa 65.6 K 16.5 · 106 /m
108 5.33 — — 1234 kPa 428.5 K 1614 Pa 64.3 K 16.6 · 106 /m

162



B H2K Schlieren Setup

Figure B.1: Schlieren setup at Hypersonic Wind Tunnel H2K (H2K) (drawing not to
scale, measures in mm)

The H2K Schlieren system uses two mirrors of 600 mm diameter and a nominal focal
length of 6 m. The angle of these mirrors is minimized to reduce optical errors. The
minimum angle is limited by the space required for opening the test section door. A
constant light source was used for the present work. Test runs with a short duration
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B H2K Schlieren Setup

light source to obtain improved images of turbulent structures are shown in [20]. For a
general discussion of such systems refer to [98, 144].
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