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ABSTRACT

An impinging shock wave/turbulent boundary layer interaction over a compliant
panel was experimentally examined in a Mach 4 Ludwieg Tube through simultaneous
measurements of both the fluid and structure response. Synchronized measurements
were obtained using colinear focused laser differential interferometry and high-
speed schlieren together with single-camera stereo-photogrammetry. The static
and dynamic behavior of the compliant panel itself was also characterized through
response to pressurization, roving hammer, and panel flutter experiments.

When the compliant panel was subjected to shock impingement at the mid-chord and
leading-edge locations, the initial panel response was dominated by oscillations at
the fundamental vibration mode and was primarily governed by one-way uncoupled
fluid-structure behavior. However, under leading-edge impingement, oscillations at
the fundamental vibration mode eventually dampened, and a transition to a two-
way coupled fluid-structure response was observed. Under two-way coupling, the
interaction was characterized by a reduction in oscillation amplitudes and an increase
in relative strength of high-order vibration modes.

Phase analysis at the fundamental vibration mode between the separation and reat-
tachment shock motion revealed that the one-way uncoupled mid-chord impinge-
ment case exhibited a repeatable phase alignment, where the phase of the separation
shock tended to lead that of the reattachment shock by approximately one quarter
of a panel oscillation. However, consistent with the behavior in rigid wall shock
wave/boundary layer interactions, the instantaneous reattachment motion was anti-
correlated and led that of the separation shock in all compliant cases. The transition
to a two-way coupled response strengthened the synchronization between the sepa-
ration shock and panel motion compared to that of the one-way uncoupled response.

Spectral analysis of the mid- and high-frequency content of density fluctuations
in the separation bubble and boundary layer showed that the spectral distributions
were not significantly modified due to surface compliance. Instead, the magnitude
of the density fluctuations inside the separation bubble were attenuated under mid-
chord impingement compared to that of leading edge impingement. Moreover, in all
compliant cases, surface compliance amplified the spectral energy in the boundary
layer downstream of flow reattachment by over a factor two compared to that of the
rigid case.
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C h a p t e r 1

INTRODUCTION

Weight constraints typically necessitate that the outer skin of high-speed vehicles

consist of thin, lightweight panels. However, the inherently low �exural rigidity of

thin panels means that the outer skins are susceptible to deformation under strong

external loading (McNamara and Friedmann, 2011). In supersonic and hypersonic

�ight environments, aerodynamic surface loads can be signi�cantly ampli�ed by

shock waves generated by leading edges, �ns, corners, and other �ow de�ecting

features. Shock waves impinging on the vehicle surface produce an adverse pressure

gradient on the boundary layer, which may lead to shock wave/boundary layer

interactions (SBLIs).

The frequencies associated with unsteadiness in SBLIs are typically orders of mag-

nitude lower than characteristic turbulent boundary layer frequencies, and as such,

SBLI �ows may particularly excite and induce resonance with the vibration modes of

the panel, leading to a coupled �uid-structure interaction (FSI). Feedback between

the �ow and structure can amplify structural oscillation amplitudes, signi�cantly de-

grade aerodynamic performance, and enhance thermal loads. In severe cases, such

interactions may compromise structural integrity or control authority, ultimately

posing a risk of catastrophic failure.

Consequently, the e�ects of surface compliance on SBLIs often guide design-driving

requirements for the structural skin panels on high-speed vehicles. However, un-

certainties of �uid-structure coupling mechanisms and complexities of the SBLI

unsteadiness have made accurately predicting the coupled aerodynamic and struc-

tural response of compliant surfaces subjected to SBLIs emerge as a signi�cant

challenge in the development of high-speed vehicles (Zuchowski, 2012). This work

presents ground-test studies with time-resolved�and synchronized�full-�eld mea-

surements of both the �ow and structural response to gain insights on the nature of

�uid-structure coupling in SBLIs over compliant surfaces at Mach 4 conditions.

1.1 Shock Wave/Turbulent Boundary Layer Interactions

When a shock impinges on a boundary layer in supersonic �ow, the boundary

layer thickens due to the adverse pressure gradient. If the pressure gradient is
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su�ciently strong to overcome the momentum of the incoming �ow, the boundary

layer separates from the surface. The extent of �ow separation is governed by the

strength of the impinging shock and nature of the incoming boundary layer.

The present work focuses on shock wave/turbulent boundary layer interactions (STB-

LIs), which can be encountered in many practical high-speed �ight conditions.

STBLIs arise in a broad range of internal and external high-speed �ow applications,

including engine inlets and aerodynamic control surfaces.

Many di�erent canonical SBLI con�gurations have been investigated to elucidate

the fundamental physics of these interactions (Clemens and Narayanaswamy, 2014;

Sabnis and Babinsky, 2023). SBLI con�gurations are commonly classi�ed as either

nominally two-dimensional (2D) or three-dimensional (3D), and they are further

distinguished by whether the separated �ow region is closed or open. Nominally

2D interactions, such as unswept compression ramp and impinging oblique shock

interactions, typically produce a closed separation bubble in which the separated

�ow recirculates upstream. In contrast, con�gurations such as the blunt �n and

swept compression ramp are 3D due to their curved or swept shocks and spanwise

non-uniform separation. Although the blunt �n interaction also produces a closed

separation region, the swept compression ramp forms an open separation region,

where the separated �uid is instead convected downstream in a large-scale vortical

motion (Clemens and Narayanaswamy, 2014).

Despite the geometric di�erences between di�erent SBLI con�gurations, sepa-

rated 2D STBLIs exhibit remarkably similar unsteady characteristics of the sepa-

ration bubble, separated shear layer, and separation shock dynamics (Clemens and

Narayanaswamy, 2014). Three characteristic length scales are typically used to

describe the interaction: the incoming boundary layer thickness,X, the streamwise

length of the separation bubble,! sep, and the streamwise length of the intermittent

region of the separation shock foot,! i. When combined with the freestream ve-

locity, D1 , these scales can be used to non-dimensionalize frequency,5, through

Strouhal numbers de�ned asStX = 5 X•D1 , St! sep = 5 !sep•D1 , andSt! i = 5 !i•D1 .

Separated 2D STBLI interactions are known to contain three distinct frequency

ranges that span several orders of magnitude. The high-frequency range is associated

with the most energetic scales of the turbulent boundary layer. Upstream of the

interaction, this energy scales with the boundary layer thickness and is centered

around(CX � 1. Downstream of the interaction, the characteristic scale shifts to the

separation length, yielding(C! B4? � 1 (Helm et al., 2021; Pasquariello et al., 2017;
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Priebe and Martín, 2012). The mid-frequency range is typically associated with

separation bubble and shear layer dynamics. This includes Kelvin-Helmholtz vortex

shedding along the separated shear layer near(C! sep � 0•5 as well as oscillations

of the separation bubble itself around(C! sep � 0•1 (Adler and Gaitonde, 2018;

Agostini et al., 2012). The lowest-frequency motions correspond to the large-scale,

broadband �breathing� behavior of the separation bubble and the associated motion

of the separation shock foot, typically occurring within(C! sep � 0•02 � 0•05 or

(C! i � 0•01� 0•03 (Clemens and Narayanaswamy, 2014; Dussauge et al., 2006).

The leading theory of the mechanism driving the low-frequency unsteadiness is that

for weak interactions with small separation lengths relative to the boundary layer

thickness, the low-frequency separation shock motion is highly correlated with

the upstream turbulent boundary layer �uctuations (Clemens and Narayanaswamy,

2014; Plotkin, 1975; Touber and Sandham, 2011). For stronger interactions, the

unsteadiness is primarily dominated by downstream mechanisms inherent to the

shock and separation bubble system (Clemens and Narayanaswamy, 2014; Piponniau

et al., 2009; Wu and Martín, 2008).

1.1.1 Upstream Mechanism

The characteristic time scales associated with turbulent boundary layer �uctuations

are typically one to two orders of magnitude smaller than the time scales associated

with the low-frequency unsteadiness observed in STBLIs. Plotkin (1975) proposed a

mathematical model that demonstrated how high-frequency perturbations originat-

ing from the incoming turbulent boundary layer can lead to relatively low-frequency

motion of the separation shock foot. In this model, streamwise velocity �uctuations

in the upstream turbulent boundary layer perturb the shock as they pass through it,

causing the shock to be displaced upstream or downstream. Once displaced, the

shock is assumed to be restored back towards its mean position due to the stability

of the mean �ow �eld. Based on these assumptions, Plotkin (1975) formulated a

�rst-order ordinary di�erential equation describing the shock motion. The resulting

characteristic response time predicted by the model was found to be consistent with

the low-frequency content observed in the spectra of the interaction.

Building on this idea, Touber and Sandham (2011) derived a similar �rst-order model

describing the coupled dynamics of the shock and upstream boundary layer. When

forced with white noise perturbations representing broadband turbulent �uctuations,

their model reproduced wall pressure spectra that closely matched those observed
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in experiments and numerical simulations. Their analysis demonstrated that the

interaction between the shock and upstream boundary layer behaves mathematically

as a �rst-order low-pass �lter. Consequently, they argued that the prominent low-

frequency unsteadiness observed in STBLIs does not necessarily originate from

low-frequency forcing within the incoming turbulence itself, but rather emerges as

an intrinsic property of the coupled shock-boundary layer system.

1.1.2 Downstream Mechanism

Piponniau et al. (2009) proposed a model that linked the separated shear layer

vortices generated by the Kelvin-Helmholtz instability to the low frequency motion

of the separation shock. They identi�ed that eddies are formed in the separated

shear layer and grow as they move downstream. Fluid from the separation bubble

is entrained by the shear layer, and after some distance, the eddies are shed into

the downstream �ow, bringing with them a certain amount of mass (Fig. 1.1). The

high velocity side of the shear layer is continuously fed by the incoming turbulent

boundary layer and, therefore, is una�ected by the mass ejection. However, on the

low velocity side in the recirculating region, there is no source of mass to replace

the amount that is entrained by the shear layer. Thus, the separation bubble itself

must expand to reinject mass into the bubble in order to maintain a mean separated

region. The upstream movement of the separation point pushes the separation

shock upstream with it. As the shock moves upstream, the pressure gradient in

the separation bubble decreases, which reduces the amount of �uid entrained by the

shear layer. This causes the separation bubble to become unstable and rapidly shrink,

pushing the shock back downstream. The pressure gradient in the separation bubble

then increases, and the amount of �uid entrained by the shear layer subsequently

increases. As a result, the cycle continues where the separation bubble must then

grow in size again to reinject mass into the bubble.

The time scale of the cycle of the separation bubble expansion/contraction was

de�ned by Piponniau et al. (2009) as the ratio of the initial mass in the mean

separation bubble divided by the rate of mass entrainment due to the shear layer.

They showed by modeling the separated shear layer as a canonical free shear layer,

one can derive an analytical expression of this time scale. Their estimation of

the characteristic frequency of the separation bubble, de�ned as the inverse of this

time scale, was found to agree with the order of magnitude of the low-frequency

separation shock and bubble motions measured experimentally.
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Figure 1.1: Shear layer low frequency unsteadiness mechanism (diagram adapted
from Piponniau et al. (2009)).

Later studies investigated the likeliness of separated shear layers to canonical free

shear layers and found they share many similarities (Dupont et al., 2019; Helm

et al., 2021; Priebe and Martín, 2012). Dupont et al. (2019) and Helm et al. (2021)

showed the mean velocity and turbulence stress pro�les collapsed when using a

rede�ned coordinate system and similarity variable. The pro�les resembled those

of the canonical free shear layer case, with the exception that they were slightly

non-symmetric and biased towards the high-speed, turbulent boundary layer side.

Their results indicated that the separated shear layer grows linearly up to the apex of

separation bubble, where the incident shock impinges on the layer. The measured

spreading rate was found to be typical of a counter�ow shear layer. However, the

most signi�cant di�erence of separated shear layers compared to the canonical case

was the greatly increased turbulence production rate. Priebe and Martín (2012)

found the largest values of in-plane turbulent kinetic energy occured approximately

in the middle of the separated shear layer and were attributed to the formation and

shedding of the vortical shear layer structures. The intensity of these energetic

turbulent structures in the shear layer was dependent on the phase of the low-

frequency unsteadiness.

1.1.3 Shock Wave/Turbulent Boundary Layer Interaction Dynamics

Consistent with the characteristic breathing motion of the separation bubble, Wu

and Martín (2008) observed that the separation and reattachment point locations

were negatively correlated. This relationship indicated that the separation and

reattachment points move in opposite directions as the separation bubble grows and

shrinks. In addition, they found that the motion of the reattachment point led that of

the separation point, suggesting that downstream dynamics in the separation bubble
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and reattachment region play an important role in governing the unsteady behavior

of the interaction.

Further insight into this behavior was provided by Priebe and Martín (2012), who

showed that the reattachment point followed a sawtooth-like trajectory. In this

motion, the reattachment point convected downstream at an approximately constant

speed before rapidly shifting upstream. Their spectral analysis revealed that the

separation point motion was dominated by low-frequency �uctuations associated

with the large-scale breathing of the separation bubble. In contrast, while the

reattachment point also contained some low-frequency energy, a signi�cant portion

of its spectral content resided at mid-frequencies associated with large-scale vortical

structures forming within the separated shear layer and convecting downstream.

Although nominally 2D STBLIs exhibit predominantly 2D �ow features, the inter-

actions remain moderately 3D. In the reattachment region, pairs of counter-rotating

streamwise vortices, commonly referred to as Görtler-like vortices, induce spanwise

variations in the reattachment region due to vortex-induced upwash and down-

wash (Pasquariello et al., 2017). In numerical simulations, these vortices typically

exhibited no preferred spanwise position and tended to meander randomly over time.

However, small experimental model imperfections could introduce a preferred span-

wise position for these structures (Pasquariello et al., 2017).

1.1.4 Impinging Shock Wave/Turbulent Boundary Layer Interactions

One type of a nominally 2D interaction is the impinging shock wave/turbulent

boundary layer interaction. In an impinging STBLI, as illustrated in Fig. 1.2, an

incident oblique shock impinges on a turbulent boundary layer. If the shock strength

is great enough, the boundary layer will separate, forming a closed separation bubble.

Compression and expansion waves form as a result of the de�ection of �ow around

the separation bubble. The compression waves may coalesce to form separation and

reattachment shocks.

1.2 Panel Flutter

Aeroelasticity is the study of how the inertia and elasticity of a structure interact

with the aerodynamic forces induced by a surrounding �ow �eld (Dowell, 2022).

Since the beginning of powered �ight, the e�ects of aeroelasticity have played an

important role in the design and development of aircraft (Garrick and Reed, 1981).

One of the most signi�cant types of aeroelastic instabilities in high-speed �ight is

�utter, which is a self-excited, dynamic instability that results in sustained, large
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Figure 1.2: Impinging shock-turbulent boundary layer interaction (diagram adapted
from Babinsky and Harvey (2011)).

amplitude oscillations that could potentially lead to structural failure (Dowell, 1972).

Consequently, �utter is typically an undesirable phenomenon that vehicle designers

attempt to avoid or mitigate.

Prior to �utter onset, pressure �uctuations in the turbulent boundary of a supersonic

freestream drive random, low-amplitude oscillations of a panel that are signi�cantly

less than the panel thickness (Dowell, 1970). When the �utter condition is reached,

the oscillations shift to a nearly sinusoidal response with amplitudes on the order

of the panel thickness (Dowell, 1974). This post-�utter behavior is known as

limit cycle oscillations and is characteristic of a balance between the unsteady �ow

and structural forces. The boundary at which �utter occurs for a particular panel

con�guration is highly dependent on both panel structural properties as well as the

freestream and boundary layer conditions.

Some of the foundational work on �utter originated at the Graduate Aerospace

Laboratories at the California Institute of Technology (GALCIT) in the 1950s and

1960s under the supervision of Prof. Yuan-Cheng Bert Fung. Fung and his students

conducted experiments that were among the �rst to measure and characterize �utter

boundaries under speci�c structural and �ow conditions, and their work provided

important insights into the validity of structural and aerodynamic modeling assump-

tions for the �utter of rectangular plates and circular cylindrical shells (Anderson,

1963; Cummings, 1957; Eisley, 1956; Fleming, 1960; Fung, 1963; Lock, 1961; Ol-

son and Fung, 1967; Stearman et al., 1962; Stearman, 1961). Notably, Olson (1967)
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extended the application of the �nite element method (FEM) to the analysis of linear

panel �utter problems for con�gurations where no exact solutions may be readily

available. The �exibility of the FEM framework allows complex panel geometries

and con�gurations to be modeled with relative ease. As a result, a wide range of

physical e�ects could be incorporated into linear panel �utter analyses, including

aerodynamic damping, anisotropic panel properties, in-plane stresses, and thermal

loading (Mei et al., 1999; Olson, 1967, 1970).

Today, aeroelastic analyses are typically performed using a spectrum of approaches,

ranging from simpli�ed analytical models, high-�delity numerical simulations that

couple �nite element analysis (FEA) and computational �uid dynamics (CFD)

solvers, as well as hybrid numerical-theoretical approaches (McNamara and Fried-

mann, 2011). However, the applicability and validity of theoretical and reduced-

order aeroelastic models for compliant structures experiencing loading from STBLIs

remain an active area of investigation.

1.2.1 Coupled Fluid-Structure Model

The coupled �uid-structure governing equations of motion for a thin rectangular plate

in supersonic or hypersonic �ow, as derived by Freydin and Dowell (2021) in modal

coordinates, are presented in Eqs. 1.1 & 1.2. These equations incorporate a nonlinear

structural model and linear aerodynamic and cavity acoustic models to capture the

coupled dynamics of the plate, �uid, and cavity. The plate is assumed to be

clamped along all edges for out-of-plane displacement, but in-plane displacements

are allowed and modeled using speci�ed in-plane edge sti�nesses. The e�ect of

thermal loading is incorporated in the structural sti�ness tensor, and a generalized

force term accounts for the static pressure di�erential.

" =: ¥F : ¸ � =: ¤F : ¸  =: F :|                            {z                            }
linear plate model

¸ � =:ABF : FAFB|            {z            }
nonlinear structural sti�ness

¸ � PT=: ¤F : ¸  PT=: F :
|                    {z                    }
piston theory aerodynamics

� � c:= ?:
|   {z   }

cavity coupling

¸ &s=|{z}
static pressure di�erential

= 0 (1.1)

dc� c=: ¥F :
|      {z      }
plate coupling

¸
1

02
c

" c=:
¥%: ¸  c=: %:

|                     {z                     }
acoustic wave equation

= 0 (1.2)
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In both Eqs. 1.1 & 1.2, non-repeated indices represent a speci�c mode, and repeated

indices imply summation. Complete de�nitions of the matrices," =: , � =: , � =:AB,

� PT=: ,  PT=: , � c=: , " c=: ,  c=: , and&s=, are detailed in Freydin and Dowell (2021).

The cavity �uid density and speed of sound are known and denoted asdc and

0c, respectively. The unknown terms in the equations are the modal coordinates,

F= and %=, which are the time-dependent coe�cients of the out-of-plane panel

displacement,I ¹G– H– Cº, and cavity pressure,?c¹G– H– I– Cº, as shown in Eqs. 1.3 &

1.4. The9-th basis functions of the out-of-plane displacement and cavity pressure

expansions are represented as� 9¹G– Hº and	 9¹G– H– Iº, respectively .

I ¹G– H– Cº =
=modesÕ

9

F 9¹Cº� 9¹G– Hº (1.3)

?c¹G– H– I– Cº =
=modesÕ

9

%9¹Cº	 9¹G– H– Iº (1.4)

The second-order structural tensors consist of the panel inertia (" =: ), damping

(� =: ), and linear sti�ness ( =: ). These tensors characterize the panel response when

the vibration amplitudes are small relative to the panel thickness. The fourth-order

structural tensor,� =:AB, represents the nonlinear panel sti�ness, and its contribution

to the panel response becomes signi�cant when the vibration amplitudes are on the

order of the panel thickness (Eitner et al., 2023).

The aerodynamic model used in Eq. 1.1 is �rst-order classical piston theory, which

is incorporated through the aerodynamic damping and sti�ness tensors,� PT=: and

 PT=: . Classical piston theory was originally developed by Lighthill (1953) by

extending the idea of hypersonic equivalence between=-dimensional steady �ow

and¹=� 1º-dimensional unsteady �ow proposed by Hayes (1947) and Tsien (1946).

Lighthill considered that when a thin column of �uid, oriented perpendicular to

the freestream, travels over a moving surface at a velocity much greater than the

surface motion, the �uid element remains approximately normal to the surface, and

the surface can be modeled as a piston acting on an inviscid isentropic �uid. The

e�ective velocity component normal to the surface,, e� , is a function of both the

local time rate of change of panel displacement and its spatial gradient in the �ow

direction, as shown in Eq. 1.5.

, e� =
�

m
mC

¸ D1
m
mG

�
I ¹G– H– Cº (1.5)
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Furthermore, given that the surface motion is analogous to that of a piston moving

in a one-dimensional tube, the local pressure induced by the surface motion can be

modeled using the isentropic pressure-Mach number relation (Eq. 1.6).

?
?1

=

 

1 ¸
W� 1

2

�
, e�

01

� ! 2W
W� 1

(1.6)

Lighthill recommended expanding Eq. 1.6 up to a third-order binomial expansion

(Eq. 1.7) to minimize errors (Lighthill, 1953). However, the �rst-order variant

(Eq. 1.8) is also generally valid for su�ciently high Mach numbers and when Mach

number times the de�ection/chord ratio is much smaller than one (Eitner et al.,

2023). The �rst term in Eq. 1.8 forms the aerodynamic damping tensor,� PT=: , and

the second is responsible for the aerodynamic sti�ness tensor, PT=: .

?
?1

= 1 ¸ W
�
, e�

01

�
¸

W¹W̧ 1º
4

�
, e�

01

� 2

¸
W¹W̧ 1º

12

�
, e�

01

� 3

(1.7)

� ?PT = ? � ?1 =
d1 D1

" 1

�
mI
mC

¸ D1
mI
mG

�
(1.8)

The implication of Eq. 1.8 signi�es that the unsteady aerodynamic pressure induced

by surface motion is a function of both the time rate of change and streamwise

spatial gradient of panel displacement. In addition, the pressure is also scaled by

the freestream quantities,d1 , D1 , and1• " 1 .

Although higher-�delity �uid-structure numerical modeling techniques now exist

with the rapid increase in computational power, piston theory remains a valuable

analytical tool to understand the contributions of aerodynamic damping and sti�ness

on the coupled �uid-structure system.

1.3 Compliant Surface Shock Wave/Turbulent Boundary Layer Interactions

As introduced in Section 1.1, a de�ning characteristic of separated STBLI �ows over

rigid walls is their broadband, low-frequency unsteadiness inherent to the separation

shock and separation bubble motion (Clemens and Narayanaswamy, 2014). When

surface compliance is introduced, the unsteady surface pressure loads associated

with STBLIs can excite multiple structural vibration modes, which can signi�cantly

modify the interaction dynamics through �uid-structure coupling. If the loads and

dynamics generated by this �uid-structure interaction are not accurately predicted,
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they may pose a signi�cant risk to high-speed vehicles. Structural oscillations

enhanced by resonance with the STBLI unsteadiness can adversely a�ect the vehicle

performance and could potentially lead to structural failure due to fatigue.

Although theoretical aeroelastic models have successfully predicted the structural

behavior of panels in supersonic �ows using simpli�ed aerodynamic models, such

as piston theory, these frameworks often fail to capture the complex physics of STB-

LIs (Eitner et al., 2023). Consequently, characterizing the behavior of STBLIs over

compliant surfaces has necessitated a reliance on high-�delity numerical simulations

and experiments, where both of which present signi�cant technical challenges.

1.3.1 Fluid-Structure Coupling Modeling Techniques

From a numerical perspective, the inherent low-frequency unsteadiness of STBLIs

requires long integration times to resolve the lowest-order �ow time scales. Addi-

tionally, these interactions exhibit spanwise variation driven by both intrinsic �ow

structures and three-dimensional structural deformations. Thus, high-�delity sim-

ulations must be computed over a three-dimensional (3D) volume with a relatively

long integration time. While Reynolds-averaged Navier Stokes (RANS) models of-

fer computational e�ciency, they generally struggle to predict strong �ow separation

and the associated low-frequency unsteadiness (Hoy and Bermejo-Moreno, 2022;

Sandham et al., 2014). This necessitates the use of Large Eddy Simulations (LES) or

Direct Numerical Simulations (DNS). However, strict grid resolution requirements

of these higher-�delity methods often limit the feasible Reynolds number range for

such studies. Furthermore, the �delity and computational cost also depend heavily

on the chosen �uid-structure coupling method.

1.3.1.1 Two-Way Coupling

This coupling method is, at present, the most rigorous approach to accurately model

the communication between the �ow and structure in aeroelastic problems. Two-

way coupling involves communication between the CFD and FEA solvers at each

time step. Initially, the CFD solver computes the �ow solution at the �rst time step.

The wall pressure on the compliant surface is then treated as a load input for the

FEA solver. The FEA solver then calculates the resulting displacement, velocity,

and acceleration of the compliant panel, which are sent as inputs to the CFD solver to

deform the computational mesh. The process is repeated at each time step, forming

a two-way coupled feedback framework. Because of the di�erence in time-scales
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between the �ow and structure, sub-time steps are frequently employed in the CFD

solver to maintain stability and reduce the overall computational cost (Shinde et al.,

2022).

1.3.1.2 One-Way Coupling

A less computationally expensive approach to two-way coupling is created by re-

moving one side of the coupling feedback loop. In one-way prescribed motion

simulations, the structure follows a predetermined displacement pro�le, allowing

the �ow to respond to the surface without the �ow response feeding back into the

structural dynamics. In contrast, in the one-way �ow to structure coupling mecha-

nism, the structural response is calculated using wall pressures obtained from prior

�ow simulations without allowing the resulting deformation to modify the �ow �eld.

1.3.1.3 Static Deformation

Rather than prescribing structural motion, this coupling approach prescribes a static

structural deformation for the duration of the simulation. This e�ectively isolates

the in�uence of surface curvature while neglecting dynamic e�ects associated with

surface velocity and acceleration.

1.3.1.4 Piston Theory

Piston theory, �rst developed by Lighthill (1953), has been extended to both STBLI

analytical models and numerical simulations. Local piston theory replaces the

freestream �ow quantities,d1 , D1 , " 1 , ?1 , in Eq. 1.8 by the local �ow quantities

to more accurately model the STBLI aerodynamic loading.

1.3.2 Evaluation of Coupling Methods

Building on the upstream mechanism model developed by Touber and Sandham

(2011) and classical piston theory, Brouwer et al. (2017) extended the original

models to incorporate the e�ect of surface compliance on STBLIs to demonstrate

that the separation point streamwise location is directly proportional to panel surface

curvature and the spatial gradient of surface velocity. Through one-way prescribed

motion RANS numerical simulations, both terms were found to compete against each

other in shifting the separation point. Furthermore, they found that the lower the

frequency of oscillation, the closer the interaction resembled a statically deformed
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panel case, whereas increasing the frequency of panel oscillations led to reduced

variation of the separation length.

Brouwer and McNamara (2019) developed a variant of local piston theory that

utilizes the static surface deformation in the computation of local �ow quantities

from steady CFD simulations. Their model e�ectively captured the unsteady shock

induced structural limit-cycle oscillations when compared with Euler and RANS

simulations. However, their model assumes a quasi-steady, inviscid �ow, which

becomes less accurate for large separation length to panel surface length ratio

interactions since the unsteady viscous e�ects are not fully captured.

Recently, Kronheimer et al. (2025) compared the �ow response between an uncou-

pled one-way interaction, coupled two-way interaction, statically deformed panel,

and statically deformed panel with local piston theory corrections through implicit

Large Eddy Simulations (ILES). When the panel was held �xed at the time-averaged

deformation shape as computed through coupled two-way interaction simulations,

the resulting mean wall pressure closely matched that of the two-way coupled inter-

action. However, this case faced less extreme pressure �uctuations than the two-way

coupled case on the panel downstream of �ow reattachment. The superposition of

the statically deformed panel with local piston theory implemented on the panel

downstream of �ow reattachment resulted in a more accurate level of pressure �uc-

tuations that produced comparable �uctuations to that of the two-way coupled case,

both in terms of low-frequency spectral content and RMS value. Though, farther

downstream near the panel trailing edge, the local piston theory corrections over a

statically deformed model did not account for all discrepancies in �ow unsteadiness

between the uncoupled and coupled interaction. This indicated that the coupling

mechanisms in this region cannot be accounted for with quasi-steady induced pres-

sure superposition with the statically coupled pressure.

Hoy and Bermejo-Moreno (2022) similarly conducted wall-modeled Large Eddy

Simulations (WMLES) for an impinging STBLI and compared the two-way coupled

solution results to those computed from one-way uncoupled, one-way uncoupled

with local piston theory correction, and two-way coupled inviscid �ow simulations.

As expected, the inviscid two-way coupled simulation resulted in large discrepan-

cies in wall pressure and panel de�ection. The piston theory corrected one-way

uncoupled case accurately predicted the time-averaged wall pressure upstream of

�ow separation and downstream of the STBLI compared to that of the two-way

coupled case. However, the panel response predicted by the piston theory case
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exhibited noticeable discrepancies compared to the two-way coupled case. Though,

the predictions were signi�cantly improved compared to that of the strictly one-way

uncoupled case. Additionally, the piston theory case overestimated the peak pres-

sure and exhibited a smaller separation bubble compared to that of the two-way

coupled case. Therefore, Hoy and Bermejo-Moreno (2022) concluded local piston

theory is not accurate in the separation region and suggested additional corrections

are needed to improve its accuracy.

Despite the encouraging performance of lower-order coupling methods in predicting

the structural and �ow responses in STBLIs, each approach has inherent limitations.

This motivates further research to better de�ne their range of applicability and

to develop new insights into the conditions under which higher-�delity coupling

methods become necessary.

1.3.3 Characteristics of Compliant STBLI

High �delity experiments and two-way coupled simulations have provided important

insights into the interaction dynamics of compliant STBLIs. These studies have

revealed that surface compliance can signi�cantly in�uence the separation bubble

size, extent of the separation shock foot motion, and synchronization of the STBLI

dynamics. However, the magnitude and direction of these e�ects remain partially

inconsistent across studies, highlighting the strong dependence on the con�guration

parameters.

For example, while some studies observed that surface compliance increases the

separation bubble length (Daub et al., 2016; Hoy and Bermejo-Moreno, 2022),

others reported a reduction compared to the rigid wall case (Pham et al., 2018; Shinde

et al., 2022; Visbal, 2014). These di�ering behaviors likely arise from variations

in key interaction properties, including the mean panel deformation shape, strength

of the shock interaction, panel sti�ness, and the particular vibration modes excited

during the interaction, among others. As a result, establishing consistent trends

in mean STBLI characteristics, such as separation bubble length, across di�erent

con�gurations remains challenging.

Furthermore, the sensitivity to con�guration is also re�ected in the observed cou-

pling between the �ow and structural dynamics. Eitner et al. (2023) reported in

their compression ramp experimental study that the introduction of an STBLI had

no measurable e�ect on the frequency, amplitude, or mode shape of the compliant

panel fundamental vibration mode when compared to the structural response under
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only a supersonic turbulent boundary layer. Instead, the STBLI impact on the struc-

tural response was primarily restricted to an increase in the vibration amplitude of

higher-order vibration modes. In addition, the �ow �eld structure and dynamics

signi�cantly changed when STBLI was introduced, where the shock foot motion

was observed to primarily oscillate at the fundamental vibration mode. This result

indicated that although there was strong communication from the structural oscilla-

tions to the �ow �eld, the interaction lacked a strong coupling mechanism from the

�ow �eld to the lowest-order vibration mode of the panel.

By contrast, in their experimental study of an impinging STBLI, Varigonda and

Narayanaswamy (2023) observed that the two lowest-order panel vibration modes

underwent a reduction in strength in the presence of shock impingement compared

to without impingement. A computational study by Shinde et al. (2022) similarly

observed a reduction in vibration amplitude of the panel response in the two-

way coupled interaction compared to a one-way uncoupled panel response. They

suggested that the elevated level of turbulence caused by surface compliance serves

to attenuate the panel vibration when the �uid and structure are fully coupled.

Though, consistent with the observations of Eitner et al. (2023), Varigonda and

Narayanaswamy (2023) also found that the presence of STBLI excited several higher-

order vibration modes compared to the case without STBLI. Additionally, surface

pressure cross-correlation maps indicated that the breathing motion of the separation

bubble may be strengthened by surface compliance relative to the rigid wall case.

Typically, in a rigid wall case, the reattachment shock motion precedes the separation

shock motion (Wu and Martín, 2008). Varigonda and Narayanaswamy (2023) found

this trend also persisted in the compliant case for frequencies that do not coincide

with the panel modes. However, at frequencies corresponding to the panel vibration

modes, they observed that the separation and reattachment shock motions became

synchronized. They attributed this behavior to increased spanwise coherence of the

separation shock at the vibration mode frequencies, which promoted the formation

of spanwise coherent shear layer eddies that convected downstream and drove the

reattachment shock motions. Interestingly, despite these changes in the interaction

dynamics, wall pressure power spectral density measurements did not indicate a

global change to the shear layer growth rate or boundary layer dynamics due to

surface compliance.

Analogous to the behavior of STBLIs over rigid walls, Musta et al. (2022) observed

in a compliant compression ramp experimental study that the separation shock
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foot motion was anti-correlated with the reattachment point motion. Their cross-

correlation analysis further showed that the reattachment motion led the separation

shock foot motion. Other studies examining the lead-lag relationship between the

separation shock motion and panel oscillations have reported di�ering results. For

example, D'Aguanno et al. (2023) observed that the separation shock motion lagged

the fundamental vibration mode oscillations by approximately a quarter cycle. On

the other hand, Peltier et al. (2019) found that the separation shock motion preceded

that of the panel oscillation. These di�ering observations of the lead-lag behavior in

compliant STBLI suggest that the coupling mechanisms and interaction dynamics

can vary substantially depending on the con�guration.

In Ludwieg Tube experiments of a clamped-free-clamped-free compliant panel un-

der shock impingement conducted by Vasconcelos et al. (2023), the compliant panel

underwent an abrupt transfer of energy from the impulsive loading of �ow arrival.

This drove the panel to vibrate predominantly at the fundamental vibration mode

with minimal feedback from the �ow �eld, indicating that the �uid-structure re-

sponse was dominated by one-way uncoupled behavior. They observed that thicker,

sti�er panels more strongly dampened the initial impact response than less sti�

panels did, resulting in the panel dynamics to transition from one-way uncoupled

to two-way coupled behavior. They noted that thinner, more compliant panels ex-

hibited lower mechanical impedance, such that the mean steady-state aerodynamic

loading produced a sti�ening e�ect that locked the panel oscillations at predomi-

nantly the fundamental vibration mode. In contrast, the sti�er panels had higher

mechanical impedance and were more resistant to the aerodynamic sti�ening e�ect.

This enabled the vibrational response of the thicker panels to oscillate more freely

at the higher-order modes, helping to dissipate the original impact response more

quickly.

1.3.4 E�ect of Impingement Location

In impinging STBLIs, the location of shock impingement relative to the compliant

surface plays a critical role in governing the coupled �uid-structure behavior. For

mid-chord impingement interactions, the compliant surface is subjected to pressure

�uctuations associated with both the separation shock foot and downstream reat-

tachment point. In contrast, leading-edge impingement interactions are primarily

in�uenced by the dynamics of the reattachment region and reattached boundary

layer. These di�ering interaction characteristics modify the spatial distribution and

temporal behavior of the pressure loading on the compliant surface, which may
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excite di�erent panel vibration modes and a�ect the strength and nature of the

�uid-structure coupling.

Much of the existing work on compliant surface impinging STBLIs has focused on

the mid-chord shock impingement con�guration (D'Aguanno et al., 2023; Daub et

al., 2016; Hoy and Bermejo-Moreno, 2022; Varigonda and Narayanaswamy, 2023).

However, several studies have demonstrated that variations in impingement location

can substantially modify the structural response. In particular, Deshmukh et al.

(2023) conducted a computational study investigating the e�ect of �ve di�erent

impingement locations on a compliant panel. They found that the time-averaged

panel deformation shape varied with impingement location. Under mid-chord im-

pingement, the mean deformation resembled mode (2,1), whereas for the other

impingement locations, it more closely resembled mode (1,1). The impingement

location also in�uenced the relative contributions of higher-order panel modes to

the structure response. Speci�cally, when the shock impinged near the trailing edge

of the panel, the modal order changed such that mode (1,3) became the second

most energetic POD mode, replacing mode (2,1) observed in the other impingement

cases. Experimental studies have also reported a similar sensitivity of the structural

response to impingement location. In Mach 2 wind tunnel experiments, Spottswood

et al. (2012) observed notable di�erences in the panel response between one-third

and mid-chord shock impingement cases. Likewise, Peltier et al. (2019) found that

the change in shock impingement location a�ected both the order and structure of

the panel mode shapes. Furthermore, Tripathi et al. (2024) observed from surface

oil �ow visualization measurements that the separation bubble increased in size

for a three-quarter chord shock impingement con�guration compared to the mid-

chord impingement case. They largely attributed this behavior to di�erences in the

mean panel deformation shape, which is governed by the static pressure loading

acting on both the top and bottom surfaces of the panel. Collectively, these �ndings

demonstrate that the shock impingement location modi�es both the static deforma-

tion and the dynamic loading environment experienced by the compliant surface.

These changes can signi�cantly alter the structural response, and, consequently, the

mechanisms governing the �uid-structure coupling in impinging STBLIs.

1.4 Thesis Scope and Outline

This work is an experimental and comparative investigation into the role of surface

compliance in impinging STBLIs. In particular, the study seeks to address how

the interaction may di�er from both the rigid wall STBLI case and compliant case
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without STBLI loading and to assess how changes to the interaction parameters

in�uence the coupled �ow and structural responses. Shock impingement location

and cavity pressure are varied across three experimental con�gurations. Speci�cally,

leading-edge and mid-chord shock impingement cases are examined, and two cavity

pressures are considered for the leading-edge impingement con�guration. One

cavity pressure for the leading-edge impingement case is matched to the mid-chord

impingement case to isolate the e�ect impingement location while the second is set

equal to the average pressure loading over the panel to reduce the impact of the mean

static panel deformation shape.

Simultaneous, synchronized �ow and structure diagnostics are used to measure

shock and boundary layer dynamics together with full-�eld panel surface deforma-

tions. Time-resolved point measurements in the �ow are utilized to resolve variations

in spectral content within the boundary layer and separation bubble. A combina-

tion of time- and frequency-domain analysis techniques is employed to compare and

contrast the �ow and structural responses between rigid and compliant cases. Cross-

correlation and phase analyses are also used to quantify the relationship between

the shock motion and panel dynamics to elucidate how surface compliance, shock

impingement location, and cavity pressure in�uence the coupling between the �ow

�eld and compliant panel.

This work is structured as follows: Chapter 2 introduces the experimental wind

tunnel facility and �ow test conditions and details the design of the experimental

model. Chapter 3 describes the diagnostic setups implemented to obtain synchro-

nized full-�eld and point �ow and structure measurements. The post-processing

techniques utilized to analyze the acquired data are also summarized. Chapter 4

contains the characterization of both the facility and experimental model. The

startup and freestream noise inherent to the Ludwieg Tube facility are measured,

and the static and dynamic properties of the compliant panel and cavity are exper-

imentally investigated and compared against theoretical values. In Chapter 5, the

rigid and compliant panel STBLI experimental results are presented and discussed.

Similarities and di�erences between the three compliant cases investigated are eval-

uated, and cross-correlation and phase analysis techniques are applied to examine

degree and extent that �uid-structure coupling modi�es the �ow and structural be-

havior. Finally, Chapter 6 summarizes the key insights obtained from this work and

proposes directions for further research into compliant surface STBLIs.
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C h a p t e r 2

EXPERIMENTAL FACILITY AND MODEL

This chapter details the experimental facility, �ow test conditions, and experimental

model designs. Complete engineering drawings are provided in Appendix E.

2.1 Ludwieg Tube

In response to a competition in 1955 for developing an economical, high Reynolds

number transonic or supersonic wind tunnel, Hubert Ludwieg proposed the idea of

a Ludwieg tube (Ludwieg et al., 1969; El-Naggar et al., 2004). This blowdown-type

facility comprises a long, high pressure reservoir tube that accelerates pressurized

gas through a nozzle when a diaphragm or valve is opened. Steady supersonic, cold-

�ow freestream conditions are generated at the exit of the nozzle for durations on

the order of 100 ms. Today, Ludwieg tubes are widely used in research laboratories

due to their reliability, e�ciency, and inexpensive operating costs.

Ludwieg tubes generally have four main sections: a driver (or reservoir) tube, a

converging-diverging nozzle, a test section, and a dump tank. A diaphragm or valve

initially separates the driver tube from the test section and dump tank at the throat

of the nozzle. The test section and dump tank are evacuated to a low pressure while

the driver tube is pressurized with the test gas until either the diaphragm bursts

or valve is opened. At this time, a weak shock wave travels through the nozzle

and test section while a non-steady expansion wave travels in the opposite direction

through the driver tube. The test gas is accelerated through the nozzle and reaches

steady, supersonic �ow at the exit of the nozzle in the test section. The large dump

tank volume ensures the ambient pressure at the nozzle exit does not signi�cantly

increase during run time. The duration of steady �ow conditions is limited by the

time it takes the non-steady expansion wave to travel to the end of the driver tube,

re�ect o� the driver tube end wall, and then travel back to the nozzle entrance.

Multiple steady runs can be achieved by only rupturing the diaphragm or opening

the valve once as long as the pressure ratio remains high enough for the nozzle to

be underexpanded. After the re�ected non-steady expansion wave re�ects o� the

nozzle entrance, the process of generating steady �ow is repeated until equilibrium

is reached. After each run cycle, the stagnation pressure is reduced.
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All experiments for this work were carried out in the Caltech Ludwieg Tube, depicted

in Fig. 2.1. This facility consists of a 17 m long, 300 mm diameter driver tube that

can be pressurized between 100 to 600 kPa (Re1 = 4.1 to 24.8 million/m, where

Re1 = d1 D1
` 1

). It is connected to an axisymmetric, converging-diverging Mach 4

nozzle that has a 91 mm throat diameter and 315 mm exit diameter. A pneumatic

piston valve is supported inside the driver tube just upstream of the nozzle. A

polyurethane plug connected to the pneumatic piston forms a seal at the throat of

the nozzle when the valve is closed. The dump tank and test section are evacuated

to approximately 200 Pa via a Leybold SV630 vacuum pump. Flow begins when

the piston valve is pneumatically retracted towards the driver tube side. Air is used

as the test gas in all experiments. Note that this Ludwieg tube is operated such

that one re�ected expansion wave arrival is the termination of the test time, rather

than multiple wave re�ections; as such, the test time is roughly 60 ms for each

experiment. Additional descriptions of the operation of the Caltech Ludwieg Tube

facility are discussed by Mouton (2007) and Schmidt (2016).

Figure 2.1: Schematic of Caltech Ludwieg Tube.

2.1.1 Freestream Conditions

Nominal freestream �ow conditions are computed for the Caltech Ludwieg Tube

assuming quasi-one-dimensional isentropic �ow of a perfect gas. Given a speci�ed

driver tube �ll pressure,?res, the stagnation and freestream �ow conditions can be

computed using Riemann invariants and isentropic �ow calculations. For this work,

all experiments were performed at one set of Mach 4 �ow conditions, listed in Table

2.1, corresponding to a unit Reynolds number of 10.3 million per meter.

2.2 Experimental Model

The experimental model for this work is designed to produce a static oblique shock

wave that impinges on a turbulent boundary layer over a �at plate. The model assem-

bly consists of a wedge shock generator and a rigid �at plate with interchangeable
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Table 2.1: Flow conditions.

Driver/reservoir pressure, ?res 250 kPa

Ratio of speci�c heats, W 1.4

Stagnation pressure, ?0 233 kPa

Freestream Mach number, " 1 4

Freestream static pressure, ?1 1.53 kPa

Freestream velocity, D1 667 m/s

Freestream static temperature, ) 1 69 K

Stagnation temperature, ) 0 297 K

Freestream static density, d1 0.0770 kg/m3

Freestream speed of sound, 01 167 m/s

Freestream unit Reynolds number, Re1 10•3 � 106 m� 1

rigid or compliant panel inserts. Detailed schematics are displayed in Figs. 2.2 &

2.3, and complete engineering drawings of the parts are provided in Appendix E.

The conceptualization and original design of this impinging STBLI experimental

model is by Mallory Neet. Neet performed Euler simulations to inform shock gen-

erator geometry and placement relative to the panel, and the same shock generator,

�at plate, and panel insert designs are used in this study. The original support

structure for the shock generator featured a crankshaft connected to a servomotor

that could mechanically oscillate the shock generator at a constant frequency or hold

the shock generator �xed at a constant rotation angle. Neet conducted experiments

characterizing surface pressure, visual boundary layer height, and separation bubble

size through pressure sensitive paint, pressure transducer, and high-speed schlieren

measurements at the maximum and minimum de�ection angles attainable by the

variable angle shock generator. In addition, she examined the e�ect of statically

deformed rigid panels on surface pressure and boundary layer thickness. Further

details on the design and her experimental results are reported in Neet and Austin

(2020).

The shock generator is a 35 degree aluminum wedge supported by two steel struts

bolted to the aft surface of the wedge. A custom U-shaped bracket rigidly connects

the steel struts to the top window �ange. The bracket has two sets of bolt holes for

two mounting con�gurations:\ SG = 0� or 10� wedge rotation. Under the freestream

conditions, the wedge produces a spanwise-uniform oblique shock that slightly

bends upward due to the Prandtl-Meyer expansion fan generated by the trapezoidal
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Figure 2.2: Isometric view of STBLI experimental model (dimensions in mm).

shape of the wedge. Prior to impingement on the plate surface, the oblique shock

is approximately planar at a shock angle ofVs � 40� for the \ SG = 0� case and

Vs � 30� for the\ SG = 10� case.

The aluminum �at plate features a rectangular cavity, where rigid or compliant panel

inserts can be mounted. The compliant panel insert is composed of two parts: an

aluminum base (Fig. 2.4b) and a thin compliant panel (Fig. 2.4a). The compliant

panel is made from a 0.254 mm thick sheet of 316 stainless steel shim stock, and

it is rigidly clamped to the shoulder of the aluminum base via an epoxy structural

adhesive (Loctite E-60HP). The aspect ratio of the compliant region of the panel

is 1•0 = 1•476, where0 and1 are the length and width of the compliant region.

Additional dimensions of the compliant panel are listed in Table 2.2. The rigid

panel insert shares the same design as the compliant panel insert with the exception

that the entire insert is made from a single aluminum piece, where the top surface

is 20.32 mm thick and non-compliant (Fig. 2.5).

The streamwise position of the shock generator relative to the �at plate can be

adjusted by swapping the bottom mounting plate underneath the �at plate model.
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Figure 2.3: Cross-section view of STBLI experimental model.

(a) Compliant panel. (b) Aluminum base.

Figure 2.4: Compliant panel insert.

Figure 2.5: Rigid panel insert.
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Table 2.2: Compliant panel dimensions (in mm).

Thickness,� 0.254

Compliant panel streamwise length,0 53.3

Compliant panel spanwise width,1 78.7

Panel insert streamwise length,0panel 65.9

Panel insert spanwise width,1panel 91.3

Corner radius, A 2.5

Shoulder width, F 6.4

Two bottom mounting plates were manufactured, each with their bolt holes o�set by

0•2 compared to the other. When the shock generator is rotated by\ SG = 10� , the

distance from the shock generator to panel insert cavity leading edge, denoted! SG,

can be set to either 61.9 or 110.6 mm. This results in the 30� incident oblique shock

to impinge on the panel surface at either the mid-chord (Gimp•0 = 0) or leading edge

(Gimp•0 = � 0•5).

A boundary layer trip is mounted near the leading edge of the �at plate. The boundary

layer trip consists of 190̀m roughness height (80 grit) sandpaper positioned 12.7

mm downstream of the �at plate leading-edge. The trip spans 25.4 mm in the

streamwise direction and the entire model width in the spanwise direction. A

trip roughness sensitivity analysis was previously performed by Neet and Austin

(2020) using visual boundary layer height measurements from schlieren images to

ensure the 190̀m roughness height does not under- or over-trip the boundary layer.

Characterization of the boundary layer is presented in Section 4.2.

Underneath the panel is a 50.6 mm deep cavity that is pressurized to a constant value,

?c, prior to test time. Two cavity pressures,?c = 6•5 and 9 kPa, were chosen to

correspond to approximately the average STBLI pressure load over the panel for the

mid-chord and leading-edge shock impingement cases at\ SG = 10� , respectively.

A summary of the three compliant panel STBLI and three baseline cases studied in

this work are listed in Table 2.3. Case A corresponds to mid-chord shock impinge-

ment with the cavity pressure set to ensure close to zero mean panel de�ection. Case

B corresponds to leading-edge shock impingement with the same cavity pressure as

Case A. This case isolates the e�ect of shock impingement on the panel response

compared to Case A. Case C corresponds to leading-edge shock impingement with

a revised cavity pressure to ensure close to zero mean panel de�ection. This case

changes both impingement location and cavity pressure to reduce the impact that
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mean panel de�ection may have on the �uid and structure response compared to Case

A. A rigid panel STBLI case was also tested to compare the compliant cases against

a baseline rigid wall STBLI. Finally, the `No-STBLI' and `No-STBLI (rigid)' cases

were tested with the shock generator removed to compare the compliant panel and

rigid wall response without a STBLI. For the No-STBLI case, the cavity pressure

was set to the nominal freestream static pressure,?1 , to ensure the panel exhibited

close to zero mean de�ection.
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C h a p t e r 3

DIAGNOSTICS AND DATA PROCESSING

Obtaining temporally- and spatially-resolved measurements is vital for deciphering

the complex �uid-structure coupling in STBLI. In this work, particular emphasis

is placed on simultaneous and synchronized experimental measurements of both

�ow and structural responses. This chapter details the diagnostic setups and post-

processing techniques implemented in this study. Speci�cally, Section 3.1 covers the

steady and unsteady static surface pressure measurements obtained over the �at plate

model. Section 3.2 describes the optical setup, fundamental principles, and data

processing techniques for the single-camera stereo-photogrammetry measurements.

Section 3.3 details the two types of schlieren optical setups used and the image

processing and feature tracking routines implemented for enhancing image quality

and detecting shock and boundary layer motion. Section 3.4 covers the design and

post-processing of focused laser di�erential interferometry (FLDI) measurements

carried out in a colinear FLDI and schlieren optical setup. Finally, Section 3.5

details proper orthogonal decomposition, which is modal decomposition technique

applied to both the �ow and structural measurements.

3.1 Pressure Transducers

Surface-mounted pressure transducers are instrumented on the �at plate model to

characterize the rigid wall STBLI loading and examine the spectral content down-

stream of the interaction. Five Kulite XCS-062-5A pressure transducers (labeled

K3-K5 in Fig. 3.1) equipped with a �B�-type screen are mounted �ush to the �at

plate model surface downstream of the panel. Each sensor is spaced 19.05 mm

apart, and the most upstream row of sensors (K3, K6, K7) are 31.53 mm down-

stream from the panel insert cavity. In addition, nine NovaSensor NPP-301A-100A

piezoresistive pressure sensors (NPP11-19) are mounted on a rigid panel insert.

Each sensor is mounted to a custom printed circuit board secured on the underside

of the panel, where the sensor is recessed 1 mm below the panel top surface. A

Buna-N gasket seals the sensor port from the panel cavity, and a 0.6 mm diameter

through hole provides the sensor access to the �ow �eld above the panel. Sensors

NPP11-17 are spaced 6.00 mm apart, and the most upstream sensors (NPP11 and

NPP18) are 12.70 mm from the leading edge of the panel insert cavity. Repeat
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experiments are also performed with the rigid panel insert rotated 180 degrees such

that NPP11 and NPP18 become the most downstream sensors on the panel. In

this rotated con�guration, the sensor labeling scheme is switched from NPP1X to

NPP2X for distinction.

Figure 3.1: Pressure transducer locations on �at plate and rigid panel insert (�ow
direction is left to right, dimensions in mm).

The signal from each sensor is ampli�ed using a Micro-Measurements 2310B signal

conditioner and recorded by a Yokogawa DL810E oscilloscope. Both types of

sensors exhibit a linear relationship between output voltage and pressure and are

calibrated by performing a linear �t of sensor voltage recorded at known pressures.

For calibration, the test section and dump tank are �rst evacuated to 0.5 kPa before

turning o� the vacuum pump and allowing the pressure to slowly increase. The

voltage of each sensor is recorded in intervals of 0.5 kPa between dump tank

pressures of 0.5 to 9.5 kPa, which are measured using an MKS 626C13TDE pressure

gauge connected to the dump tank.

The natural frequency of �B� screen Kulite XCS-062 sensors is typically on the

order of 100 kHz, and a previous study by Hurst et al. (2014) reported that the

sensors exhibit a �at frequency response up to 16 kHz. Although the NovaSensor

NPP-301A-100A sensors have been used in previous hypersonic wind tunnel exper-

iments (Camillo et al., 2020; Stern et al., 2018), the frequency response is not well

characterized. Therefore, all measurements obtained from the NovaSensor pressure

transducers are time-averaged over the entire length of test time.

A Kulite pressure transducer is also mounted inside the panel cavity to monitor the

cavity pressure underneath the compliant panel. The sensor, labeled KC in Fig. 3.2,
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is mounted on the aft wall of the cavity 31.5 mm below the compliant panel and

25.4 mm from the model centerline.

Figure 3.2: Cavity pressure transducer, KC, location in �at plate model cross-section
diagram.

3.2 Photogrammetry

Time-resolved full-�eld displacement measurements are essential for characteriz-

ing the panel response induced by STBLI. Photogrammetry o�ers a non-intrusive

approach to obtain such measurements by imaging a series of points from multiple

perspectives to reconstruct their absolute, 3D positions. This technique employs a

mathematical framework based on projective geometry to model how 3D objects

are projected onto 2D planes. At least two independent views are required to resolve

the 3D coordinates, and when a su�ciently dense grid of points across a surface is

imaged, the full-�eld deformation of that surface can be resolved.

One of the earliest demonstrations of photogrammetry was Finsterwalder's use of

aerial photographs for topographic mapping in 1900 (Doyle, 1964). Subsequent

applications were primarily restricted to tracking rigid-body displacements of dis-

crete objects rather than capturing full-�eld behavior (Baqersad et al., 2017). The

�rst application of photogrammetry to measure mechanical stress and strain in de-

forming structures was introduced by Peters and Ranson (1982), and today, stereo-

and multi-camera systems are widely used for structural deformation and vibration

measurements (Baqersad et al., 2017).

3.2.1 Experimental Setup

Based on a suggestion from Marcia Cooper, Mallory Neet implemented an initial

photogrammetry setup to measure the surface deformations of the compliant panel

for her STBLI experiments in the Caltech Ludwieg Tube. The design of the pho-

togrammetry system and post-processing routine in this work is built on Neet's

original setup and post-processing scripts.

A single-camera stereo-photogrammetry setup based on the works of Walker et al.
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(2010), Yu and Pan (2016), and Whalen et al. (2020) is implemented to image

the full compliant panel surface and resolve displacements on the order of tens

of micron. Because the side test section windows are reserved for other optical

diagnostics, the photogrammetry system views the panel surface from the top test

section window. Viewing angle restrictions and camera budget constraints limit the

system to a single-camera setup. To overcome this, a compact stereo con�guration

is implemented to split the �eld of view of a single camera into two. Following

the approach of Yu and Pan (2016), this arrangement employs a right-angle prism

mirror, labeled M3 in Fig. 3.3, to capture two distinct views of the panel surface.

A high-speed camera is positioned directly above M3 so that the prism divides the

image along the vertical centerline of the camera sensor. Two �at mirrors, M1 and

M2, are placed on either side of M3 at an angle of\ M � 50� to redirect the panel

surface view into the prism. This results in the camera obtaining two views of the

panel surface, which are represented by the left and right virtual images in Fig. 3.3.

The panel is illuminated by four continuous white light emitting diodes (Thorlabs

MCWHL7 and MCWHL1) and condenser lenses through the side windows of the

test section. A 532 nm notch �lter is mounted on the front of the camera lens to

block any laser light originating from the other diagnostics from being imaged by the

camera. A Phantom v1612 high-speed camera is used to image the panel surface,

and it features a maximum resolution of 1280 by 800 pixels at up to 16,600 frames

per second (fps). This setup results in a camera magni�cation of approximately 8

pixels per millimeter, or roughly 10 pixels per marker. This magni�cation optimizes

the number of pixels representing each marker and the number of markers able to

be captured within the �eld of view of the camera. Further details of the speci�c

optics components used in this setup are listed in Table 3.1.

Table 3.1: Photogrammetry component list.

Component Type Details

M1, M2 Flat mirror ThorLabs PF30-03-P01,� = 76mm

M3 Right angle prism mirror ThorLabs MRAK25-G01

NF Notch �lter Edmund 67-128, 532 nm, OD 4.0

FL Focusing lens Nikon 105 mm f/2.8

The compliant panel inserts are spray painted with a grid of 29 by 21 black circular

markers 1.25 mm in diameter and spaced 3 mm apart over a coat of white paint

(Fig. 3.4). The spray paint is uniformly applied in order to reduce e�ects caused by
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Figure 3.3: Photogrammetry optics diagram.

uneven paint thickness. The white base coat is approximately 64` m in thickness

and the markers are approximately 25` m in thickness. A vinyl cut stencil is used

to accurately paint the circular markers. Two additional 29 by 5 grids of circular

markers are painted upstream and downstream of the panel on the �at plate model

to track the rigid body movement of the model and facility relative to the stationary

camera. These markers are denoted �tracker markers", while the markers painted

on the compliant panel are denoted �panel markers�.

Figure 3.4: Painted panel.
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3.2.2 Camera Calibration

The central perspective projection model describes the geometrical relationship

between a point in 3D space with its image point on a 2D projection plane (Fig.

3.5). In this model, the point,X A, is an object in 3D space that is projected

through the perspective center,X O, onto the projection plane, or camera sensor,

where it creates the image point,G0. The distance between the principal point and

perspective center is known as the principal distance,2p. The object coordinate

system is arbitrary and represented by {- , . , / }, while the image coordinate system

is centered atX O and represented by {G0,H0,I 0}.

Figure 3.5: Central perspective projection model (diagram adapted from Walker
et al. (2010)).

The collinearity equations (Eqs. 3.1 & 3.2) describe the linear relationship between

any point in 3D space, the perspective center, and the corresponding point on the

projection plane (Walker et al., 2010). In these equations, the terms,A8 9, are the

(8, 9) element of a 3 by 3 rotation matrix,R . A system of collinearity equations

is created based on the number of cameras and target points. At least two camera

views are required to solve this system of collinearity equations, and calibration of

the optical setup must be performed to obtain the �xed relationships between the

object and image coordinate systems,2p, X O, andR .

G0 =
� 2p»A11¹- O � - Aº ¸ A12¹. O � . Aº ¸ A13¹/ O � / Aº¼

»A31¹- O � - Aº ¸ A32¹. O � . Aº ¸ A33¹/ O � / Aº¼
(3.1)
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H0 =
� 2p»A21¹- O � - Aº ¸ A22¹. O � . Aº ¸ A23¹/ O � / Aº¼

»A31¹- O � - Aº ¸ A32¹. O � . Aº ¸ A33¹/ O � / Aº¼
(3.2)

A bundle adjustment MATLAB script provided by Walker et al. (2010) is used to

obtain optimal estimates of the camera parameters. Approximately thirty images

are captured of a rigid calibration target positioned at various orientations. The

calibration target consists of a 6.35 mm thick aluminum plate patterned with a 20

by 11 grid of circular markers, each 1.25 mm in diameter and spaced 3 mm apart.

These images are processed with the bundle adjustment routine, where the marker

centroids are extracted using a procedure similar to that described in Section 3.2.3.

Given the known grid spacing, the algorithm computes the optimal estimates of the

camera parameters using a nonlinear least-squares �t of Eqs. 3.1 & 3.2. The camera

parameters are stored in a matrix for later use in converting the test-time footage

into 3D panel coordinates.

3.2.3 Post-Processing

A custom MATLAB script is developed to accurately measure the out-of-plane

surface de�ection of the compliant panel by post-processing the high-speed pho-

togrammetry footage. The script is organized into three main functions: (1) pho-

togrammetry image processing and centroid tracking, (2) 2D-to-3D coordinate con-

version, and (3) out-of-planeI -coordinate post-processing. A detailed step-by-step

description of the complete post-processing procedure is provided below.

1. Select Region of Analysis

User-de�ned three point rectangles, de�ned by the top left, top right, and

bottom right points, specify the centroids within the regions of interest for

analysis. The bounding points are carefully selected to ensure the selected

markers match in both the left and right images.

2. Initial Guess of Centroid Location

An initial estimate of the centroid locations of the markers is calculated using

a binary image centroid tracking scheme.

a) Split Images

Each frame is divided into left and right images by cropping along the

vertical centerline. An example left image is shown in Fig. 3.6a.
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b) Reduce Image Noise

A Gaussian �lter is applied to slightly blur each image. This smooths

the background texture and helps to reduce camera sensor noise. Zero

padding is applied around the entire image to reduce tracking errors

when a centroid is too close to the image edge (Fig. 3.6b).

c) Convert to Binary Images

The grayscale image is binarized such that the pixel intensities are con-

verted from grayscale (0-255) to black and white (0 or 1) (Fig. 3.6c).

d) Invert Pixel Intensities

The complement of the binary image is obtained by inverting its pixel

intensities (Fig. 3.6d).

e) Calculate Binary Centroids

The built-in MATLAB centroid �nding function,

regionprops(BW,`centroid') , calculates the centroid of each clus-

ter of white pixels in the binary image (Fig. 3.6e).

f) Sort Binary Centroids

Based on the selected bounding markers, the computed centroid lo-

cations are compared against the predicted marker locations. For the

wind-o� and �rst frame images, the predicted marker locations are de-

termined from the estimated marker spacing de�ned by the bounding

points. For all subsequent frames, the predicted locations are taken from

the marker locations in the previous frame. Any erroneously detected

centroids that do no correspond to an actual marker are rejected by

applying a search criterion within a speci�ed radius of each predicted

location. The remaining centroid coordinates are organized into aAc by

2c by =imagesby 2 matrix, whereAc and2c denote the number of rows and

columns of centroids in the region of interest,=imagesis the total number

of frames in the footage, and the last index distinguishes between the left

and right images. In Fig. 3.6f, panel marker centroids are shown in cyan

and upstream/downstream tracker centroids are shown in magenta.

3. Calculate Optimized Centroid Positions

Although the built-in centroid �nding function in MATLAB provides a reli-

able estimate of the centroid locations of the markers, it does not provide a

high enough level of accuracy required to measure the small displacements

experienced by the compliant panel that are on the order of tens of micron,
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or about 8% of a pixel width. A higher �delity centroid locating algorithm is

implemented, where the binary centroid locations are used as an initial guess

to the actual centroid location.

a) Crop Marker Region

A square region of size23marker ¸ 1 is cropped around each detected

marker, where3marker represents the typical marker diameter in pixels

rounded to the nearest integer. An example cropped marker image and

surface plot are shown in Figs. 3.7a & 3.8a.

b) Smooth Background and Marker Shape

A Gaussian �lter is applied to reduce background noise and smooth the

marker shape (Figs. 3.7b & 3.8b).

c) Normalize Pixel Intensities

The pixel intensity range is rescaled from 0-255 to 0-1, with the brightest

background pixel intensity set to 1 (Figs. 3.7c & 3.8c).

d) Invert Pixel Intensities

The complement of the normalized images is obtained by inverting the

pixel intensities (Figs. 3.7d & 3.8d).

e) Increase Image Resolution

The image resolution is increased by subdividing each pixel into 100

linearly interpolated subpixels (Figs. 3.7e & 3.8e).

f) Nonlinear Least-Squares Curve Fit

Because the markers are viewed at an angle o�set from the verticalI -

axis, their circular shape appears slightly elliptical on the camera sensor.

Therefore, the distribution of pixel intensities in the resolution-enhanced

image is �t to a 2D function that models the marker as a blurred ellipse.

The �tting function, shown in Eq. 3.3, employs a hyperbolic tangent

approximation to Gaussian edge blurring (Cantatore et al., 2009).

� ¹G�
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In this model,�b represents the average background pixel intensity, and

�m is the maximum marker pixel intensity. Both values are approximated

prior to curve �tting. The remaining parameters,Gp–0, Hp–0, 0m, 1m, q,

and Z, are obtained from the curve �tting process. The coordinate,

¹Gp–0– Hp–0º, denotes the marker centroid location,0m and 1m are the

semi-minor/semi-major axes of the marker ellipse, andG�
p andH�

p are the

transformed coordinates de�ned in Eq. 3.4. The rotation matrix,' qellipse,

is based on the ellipse angle,qellipse.

A nonlinear least-squares curve �t is then performed using the built-in

MATLAB function, lsqcurvefit() , to solve for the optimal parameter

values. The curve �t tolerance is set to10� 12 and maximum number

of iterations to105. This �tting routine follows the approach described

by Whalen et al. (2020).

An example of the �tted intensity distribution using the optimal parame-

ter values is shown in Figs. 3.7f & 3.8f, and the locations of all optimized

centroid coordinates of a representative frame are plotted in Fig. 3.9. The

optimized centroid locations for each marker across all frames are stored

in a matrix with the same structure as the binary centroid matrix.

4. Convert 2D Centroid Coordinates to 3D

Using the camera parameters calculated in Section 3.2.2 and inputting the

optimized centroid coordinates, the collinearity equations (Eqs. 3.1 & 3.2)

are solved using the bundle adjustment routine provided by Walker et al.

(2010) to determine the 3D marker coordinates (Fig. 3.10a).

5. Post-Process 3D Coordinates

The 3D centroid coordinates are transformed from an arbitrary coordinate

system, {- , . , / }, to the model coordinate system, {G, H, I }. Additionally,

the rigid body motion due to facility movement relative to the camera is

reduced, and the coordinates are spatially �ltered in theI � direction to reduce

measurement noise.

a) Fit Plane to Tracker Markers in Wind-o� Image

Since the 3D coordinates are de�ned in an arbitrary coordinate system,
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the position of the upstream and downstream tracker points are used to

rede�ne a new coordinate system. The tracker points are �t to a plane

that de�nes the orientation of the vertical,I -axis (Fig. 3.10b).

b) Spatially Filter I -coordinates

The I -coordinates are spatially �ltered using a 2D Gaussian smoothing

kernel with a full-width half-maximum of 4.71 mm, or 3.77 marker

diameters. This spatial �lter reduces tracking errors at the expense of

attenuating higher order vibration modes.

c) Align Tracker Points to Wind-o� Position

Due to facility vibrations, the camera and experimental model move rel-

ative to each other in primarily the streamwise direction. The panel coor-

dinates are converted from a lab-stationary frame to a model-stationary

frame by aligning the tracker points in each frame to the tracker point

position in the wind-o� frame using an optimal translation and rotation.

d) Rede�ne G- and H-axes

The distance between the painted panel markers and panel edges are

measured from a calibration image. TheG- andH-axes are de�ned based

on the directions parallel to the streamwise and spanwise panel edges.

The panel coordinates are then transformed to this new model coordinate

system, {G, H, I }, where the origin is located at the panel center in the

streamwise and spanwise direction.

e) Subtract Wind-o� I -coordinates

While wind-o� I -coordinate subtraction is not strictly necessary, this

step is performed to compare the panel displacement from the unde-

formed state. Wind-o� coordinate subtraction improves tracking ac-

curacy due to optical distortions and camera calibration inaccuracies,

and it accounts for di�erences in paint thickness between markers. An

example of the �nal processed 3D coordinates are plotted in Fig. 3.10c.

f) Interpolate Panel Coordinates

TheI -coordinates are linearly interpolated on a uniform grid ofG- andH-

coordinates, and a colormap plot of an example frame of the interpolated

coordinates is shown in Fig. 3.10d.
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