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1. Abstract

The focus of this dissertation is on understanding the underlying physics of swept
impinging oblique shock boundary layer interactions (SBLIs) induced by shock gener-
ators with varying sweep angles (). Experiments were conducted at the University

of Arizona's In-draft Supersonic Wind Tunnel (ISWT) operating at Mach 2.28, with a
fully turbulent incoming boundary layer. The study employed oil ow visualization,
mean pressure measurements, and high-bandwidth pressure transducers to examine
both the mean and unsteady features of these interactions. The ndings reveal the
presence of large-scale separation in all cases and conical similarity (3D SBLI) at
higher sweep angles. Mean pressure rise near the onset of separation for ahgles is
independent of span, agreeing with free-interaction theory. However, mean pressures
at reattachment for higher sweep angles exhibit mild spanwise dependence, suggesting
the overall mean ow topology of the interactions is conical. To verify the conical
topology and identify key 3D SBLI structural features such as strong cross- ow and
open separation, numerical simulations using compressible Reynolds-averaged Navier-
Stokes (RANS) approach were performed. This comprehensive investigation provides
valuable insights into the complex mean ow associated with swept impinging oblique
SBLlIs.

In order to understand the fundamental ow similarity in swept shock boundary
layer interactions, numerical studies looking at both laminar and turbulent SBLIs
are performed. The hypothesis is that conical similarity (3D open separation) is due
to an inviscid shock detachment, while cylindrical similarity (2D closed separation)
results in cases of an attached shock. Both the laminar and turbulent SBLIs in this
study are induced by swept impinging shocks and swept compression ramps. While in

the laminar case, mean ow features show that all cases below the detachment limit
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still display conical behavior, turbulent simulations show cylindrical interactions are
possible for weakly separated ows. The latter case is also consistent with experiments.
The results suggest that inviscid detachment is not the only mechanism behind the
ow similarity and the dynamics of open separation itself could dictate the mean
scaling of the interaction. The present study also discusses open questions about
whether the cylindrical observations in swept interactions are in uenced by the limited
aspect ratio in typical university-scale wind tunnels.

Finally, unsteady pressure measurements beneath the separation shock foot show
clear low-frequency unsteadiness, orders of magnitude below that of the incoming
boundary layer. An increase in leads to a corresponding increase in the frequency
of the separation shock motion. A speci c analysis of the = 30:0 con guration
showed that the shock foot frequencies remain una ected spanwise, despite changes
in the local interaction length. Along the separation and reattachment line, locally
accelerating convective structures in the cross- ow direction are observed. These
structures are also coherent in the same low-frequency band as the separation shock
motion and their local wavelength increases along the span. A minimal in uence of
the incoming turbulent boundary layer pressure uctuations on the low-frequency
unsteadiness of the separation shock is observed. Instead, signi cant coherence is
noted in low frequencies at the reattachment line. Phase analysis indicates that
the reattachment line leads the separation shock motion, suggesting a downstream
unsteadiness mechanism. Additionally, cross-correlation analysis in the low-frequency
band identi es an upstream propagating pressure disturbance from the reattachment

line in uencing the separation shock motion.
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2. Background

Historical e orts to understand SBLIs span more than 70 years and numerous works
have attempted to address the challenges posed by SBLIs. Several review articles in
years (Green (1970); Delery & Marvin (1986); Dolling (2001); Gaitonde (2015); Sabnis
& Babinsky (2023)), have succinctly summarized the progress in understanding SBLI.
They have identi ed the detrimental e ects of SBLIs on the performance of supersonic
engine inlets, control surfaces, nozzles, and transonic airfoils. With renewed interest
in hypersonic ight, and air-breathing hypersonic propulsion, understanding SBLIs in
ight-relevant geometries becomes increasingly important. Characterizing the mechan-
ical, acoustic, and thermal loading of SBLI is crucial for sustained hypersonic ight.
Tzong et al. (2010); Blevinset al. (1987) highlighted some of the key challenges and
knowledge gaps in the predictive capabilities of SBLI induced by swept con gurations
in hypersonic ight. Before discussing the contributions made in the dissertation, a
discussion of the fundamental features of SBLIs will be discussed rst to provide a
foundation.

The state of SBLI is determined by 1) shock generator con guration (2D or 3D), 2)
inviscid shock strength, and 3) incoming boundary layer state (laminar, transitional,
and turbulent). For example, when the adverse pressure gradient imposed by the 2D
impinging shock is not strong enough to separate the incoming boundary layer, an
attached ow is expected (see Figure 2.1b). Behind the attached SBLI, the ow reaches
the inviscid pressure rise ;s=p;), and the subsonic portion of the boundary layer
thickens. However, in terms of unsteadiness, the attached SBLI cannot self-sustain;
it is dependent on the disturbances from the incoming boundary layer. When the
inviscid shock strength is further increased, the boundary layer is unable to withstand

the adverse pressure gradient and separates. The separated region for a 2D impinging
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(@)

(b)

(©)

Figure 2.1: Schematic of 2D impinging shock SBLI and its mean pressure rise. a)
Inviscid scenario, b) attached SBLI and c) separated SBLI. S: separation point, R:
reattachment point.



19

SBLIs (Figure 2.1c) is dominated by recirculating uid @ < 0). Unsteadiness for
separated SBLI is largely driven by the instabilities within the bubble.

The extension of observations made in 2D SBLIs to swept SBLIs (3D SBLIS)
is not as straightforward due to geometrical and topological di erences (Babinsky
et al. (2011)). To understand the distinction between 2D and 3D interactions, rst, a

detailed review of 2D SBLI is provided below.

2.1 2D SBLI Summary
2.1.1 Mean Flow

Figure 2.1c shows a schematic of a recirculating separation bubble along with the mean
pressure rise in the bubble. In response to the formation of the separation bubble
(green-shaded region), the re ected/separation shock (blue) is pushed upstream to
promote local ow de ection. In turbulent interactions, the re ected shock is highly
dynamic, responding to the local forcing from the turbulent boundary layer and
the instabilities in the separation bubble. The separation bubble is lled with a
near-stagnant uid, and the edge of the bubble has high-momentum supersonic ow,
resulting in a growing shear layer. The shear layer entrains high momentum from
supersonic ow to the bubble. When the incident shock penetrates the separated
dissipative layer, to ensure the pressure is continuous within the separated zone, a
series of expansion waves are created (green dashed lines) (Belery & Marvin (1986)) in
Figure 2.1c. These results in the ow de ected towards the surface. The compression
waves generated from reattachment (R) de ect the ow in the free stream direction.
Downstream of the reattachment, the turbulent boundary layer recovers and becomes
relatively thicker.

In the wall-mean pressure schematic, the initial mean pressure rise is linear due to
the intermittency of the re ected shock position. Chapmaret al. (1958) and others

have observed that the initial mean pressure rise until the start of the separation bubble
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(S) is independent of inviscid shock strength and de ned as free-interaction theory. The
pressure rise within the bubble remains plateaued until it encounters the compression
fan near reattachment. Downstream of reattachment, the pressure rise recovers to
the inviscid pressure fz:=p;). Length scales imposed by the SBLI in both mean and
unsteadiness are often scaled with interaction length (the distance between the mean
separation point to reattachment line/inviscid impingement location). Overall the
features seen in 2D impinging SBLIs can also be extended to other 2-D geometries

(compression ramp, normal shock, etc).

Figure 2.2: E ect of aspect ratio (AR = width/height) in the ow structure of 2D
impinging SBLI. a) AR =1, b) AR = 2, ¢) AR = 4. Skin friction lines are indicated

as blue, and orange contour lines represent the mean pressure. Figure from Wang
et al. (2015).

Assuming spanwise uniformity (2D) in high- delity computations, wind tunnel

centreline measurements are valuable for understanding the contributions of the
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inviscid shock strength, compressibility, and turbulence in SBLI ow elds. However,
the 3-D e ects imposed by wind tunnel side walls or small computational domains
(assuming symmetry planes in the side wall) can have a signi cant impact on the
interaction length and dynamics of the separation bubble. A representative example
of 2D SBLlIs with di erent wind tunnel aspect ratio (AR) is shown in Figure 2.2. LES
simulations from Touber & Sandham (2011) compared interaction lengths from the
narrow-span domain and large-span domain and showed at least a 50% reduction in
interaction length for the large-span domain. Corner separations in the wind tunnel
sidewall can also limit the spanwise extent of a 2-D bubble and also show a stronger

in uence on unsteadiness behavior in the center line.

2.1.2 Unsteadiness

Fundamental investigation on 2-D turbulent SBLIs unsteadiness have showed the
presence of low frequencies under the separation shock foot, at least two order of mag-
nitude lower than turbulent frequencies Us= o). Several studies in the literature, have
attempted to provide a mechanistic description of the low-frequency (LF) unsteadiness
(Clemens & Narayanaswamy (2014)). The intermittent nature (the distance traveled
by separation shock from its mean positioth;) of the separation shock is strongly
coupled with the magnitude of the LF.

LF unsteadiness reported for nominally 2D interactions with separated turbulent
boundary layers across a wide range of Mach and Reynolds number conditions has
been observed to scale with the interaction length scal&;f; ) and freestream velocity
(Up ), with arange of St = fL iy =U; =0:03 0:05 (Clemens & Narayanaswamy
(2014); Piponniauet al. (2009)). It has been shown that the incoming boundary-layer
thickness is an insu cient length scale for scaling low-frequency unsteadiness across
various unswept SBLIs (Threadgill & Bruce (2020)).

The forcing mechanism behind the separation shock LF motion can be attributed
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to 1) response to structures from the incoming turbulent boundary layer, and 2)
response to bubble's shear layer entrainment. This section summarizes the signi cant

e orts undertaken by researchers to evaluate the individual in uences in LF dynamics.

Upstream In uence: Plotkin (1975) proposed a model assuming the instantaneous
motion of separation shock is due to velocity uctuations from the incoming boundary
layer, followed by a linear restoration of separation shock to its mean position. Poggie
et al. (2015) agreed with the linear model and showed SBLIs act as a selective
ampli er of incoming large-scale ow disturbances. Bereslket al. (2002); Humble

et al. (2007) used Particle Imaging Velocimetry (PIV) to investigate the in uence

of incoming turbulent boundary layer on separation shock motion. They observed
a weak correlation between separation shock motion and fullness of the incoming
boundary layer. When the velocity pro le becomes more full, the boundary layer
resists separation and translates the separation shock downstream from mean position.
Similarly using unsteadiness pressure measurements, Erengil & Dolling (1991) found
that incoming boundary layer pressure uctuations impose a high-frequency jitter
on the separation shock motion but were unable to nd a causal relationship in
upstream/downstream separation shock motion. Ganapathisubramaet al. (2007,
2009) used Planar Laser Scattering (PLS) and PIV to observe large coherent structures
( 30p) in the incoming boundary layer strongly modulating the separation line
unsteadiness. Several of the upstream mechanisms presented here have showed the
in uence of boundary layer uctuations in LF unsteadiness; however they failed to
address how the peak frequencyS¢, ,, 0:03) is retained for various Reynolds

numbers and interaction strength studied.

Downstream In uence: Alternatively LF dynamics can also be assessed from the
description of the separation bubble. In 2D SBLI, the recirculating bubble provides
a convective feedback, which can allow instabilities to grow within the bubble. In

stability sense it resembles an oscillator model (Pogget al. (2015)), where an input
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Figure 2.3: Schematic of separation bubble showing bubble a) breathing: shock moving
upstream, b) collapse of separation bubble: shock moving downstream. Figure taken
from Priebe & Martn (2012).

forcing (in this case turbulent boundary layer) is not required to sustain the LF
unsteadiness.

Using unsteady pressure measurements within the bubble, Duposit al. (2006)
identi ed strong coherence between separation shock and the reattachment motion.
Using the same con guration, Piponniauet al. (2009) through conditional averaging
identi ed a mechanism where the LF unsteadiness of the bubble is linked to "breathing'
motion of the separation bubble. A schematic of bubble breathing is shown in
Figure 2.3. LF unsteadiness is sustained by shear layer entrainment and ejection
of the recirculating reversed ow. Priebe & Martn (2012) through their DNS, also
conjectured that the inherent instability of the separation bubble is the physical

mechanism driving LF unsteadiness.
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Touber & Sandham (2009); Nicholset al. (2017) through Global stability analysis
(GSA) identi ed exponentially growing unstable modes related to the expansion and
contraction of separation bubble driving the bubble oscillation. Adler & Gaitonde
(2018) showed the oscillator behavior of the bubble is only sustained by the recirculation
feedback mechanism, and is largely insensitive to external forcing from the incoming
turbulent boundary layer. In connection to internal forcing within bubble, several
sources of upstream (Pirozzoli & Grasso (2006); Threadgét al. (2021); Touber &
Sandham (2009)) and downstream traveling wave Porter & Poggie (2019) are identi ed
to in uence the LF oscillations. Even though incoming turbulent uctuations are not
an important driver in LF unsteadiness, the mean scales imposed by the turbulent
boundary layer Ue, o) are important in the shear layer growth and ejection rates.
Priebe et al. (2016), also observed Gertler-like vortices in the separated region, can
also be another source of a continuous forcing for sustaining LF unsteadiness.

Souvereinet al. (2010); Clemens & Narayanaswamy (2014) suggested that both
external forcing (upstream) and internal forcing (downstream) can contribute to
the LF unsteadiness, and it is highly dependent on the degree of separation. For
weakly separated/incipiently separated ows, upstream forcing would correlate with
separation shock motion. In cases with interactions with separated ow, unsteadiness
is mainly driven by internal forcing, and weak in uence is exhibited with incoming

boundary layer.

2.2 Swept SBLI Summary

In this section, the key distinctions between 2D homogeneous SBLI and 3D swept SBLI
are discussed. For simplicity, the swept SBLI generated by canonical con gurations
(see Figure 2.4) is considered due to its independence of shock generator geometry

and ease in comparison with similar 2D con gurations.
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Figure 2.4: Canonical 2-D SBLI and swept SBLI geometries. Hereis the de ection
angle, and is the sweep angle.

(a) Footprint of SBLI, adapted from Settles (b) Cross-section view, adapted from Garg
& Dolling (1992) & Settles (1996)

Figure 2.5: Topological structure of sharp n SBLIs.
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2.2.1 Mean Flow

To describe the 3D nature of the swept SBLI, we will use sharp n induced SBLI as an
example. The topological structure of the sharp- n induced SBLI is shown in Figure
2.5. The rst major di erence from a 2D SBLI is how the inviscid shock (I) impinges
on the boundary layer itis sweptin x z plane at an angle . When the inviscid
pressure rise is strong enough to cause separation, the inviscid shock bifurcates into
the separation shock and rear shock, forming ashock structure (see Figure 2.5b).
The ow separation in swept SBLI is not closed with recirculating uid; instead the
cross ow in the bubble creates an helical separation vortex (similar to the leading
edge vortex formation in a delta wing) and forms an open separation.

Looking at the separation footprint in Figure 2.5a, the separated ow can be
characterized by two zones. Zone-1 closer to the n leading edge, is de ned as
an inception zone, where a region of quasi 2-D interaction exists. The extent of
the inception zone [;) is a combined in uence of Mach number normal to sweep
(M) and Reynolds number Lu & Settles (1990). Away from this at zone-2, the
separation displays conical similarity. In the cartesian sens& ( z) mean features
are growing spanwise. However, looking at spherical coordinates from the virtual
conical origin (VCO), the extrapolated origin where separation and reattachment lines
coincide (Figure 2.5a), the mean properties like surface pressure doesn't vary radially.
The quasi-conical similarity observed here can also be seen in all canonical swept
con gurations (Threadgill & Little (2022); Vanstone et al. (2018); Mearset al. (2021);
Arora et al. (2019)). A schematic of ow topology within swept compression ramp is
shown in Figure 2.6.

Looking at the cross-section view (plane normal to the inviscid shock) in Figure
2.5, the inviscid shock bifurcates into separation and rear shock, forming ashock
structure. Similar to 2D SBLIs, the separation shock formed upstream of the separated

region is highly unsteady. The rear shock turns the ow back to the oor. The velocity
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(a) Footprint of SBLI, adapted from Set- (b) Cross-section view, adapted from
tles & Dolling (1992) Adler & Gaitonde (2019)

Figure 2.6: Topological structure of swept compression ramp SBLIs.

behind the inviscid shock is slower than the ow behind rear shock creating a slip
line. Because of the close proximity to the n surface, the slip line is curved down,
forcing the ow towards the plate and reattaches. Alvi & Settles (1992); Threadgill
et al. (2022) and others noticed maximum surface pressure and heating near the
n/plate junction. In the velocity elds, (Adler & Gaitonde (2019); Mears et al.
(2021)) observed in the wall normal directiony), the  shock structure grows linearly

in the span. Adler & Gaitonde (2019) attributed this to growth of inner cross ow
acceleration across the span.

Although from literature, all strong swept interactions exhibited quasi-conical
similarity, there are some limiting cases with moderate sweep in swept compression
ramp to show cylindrical interactions Settles & Teng (1984). Here the separation and
reattachment lines are parallel with uniform interaction length. Settles & Teng (1984)
hypothesized that shock detachment (exceeding the maximum ow turning angle of an
oblique shock solution) in uences the similarity behavior. Namely, inviscid attached
shocks lead to cylindrical similarity and detached shocks lead to conical similarity.

The disparity between inviscid theory and experimental observations was addressed by
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using an e ective slip Mach number within the boundary layer Mg, <M 1 ) which
characterized the shock structure, resulting in a good agreement - but acknowledging
that the de nition of My, is nontrivial. Threadgill & Little (2020) developed an
inviscid model to predict, among other things, the maximum turning angle with
consideration of the e ects of the sweep. Comparison of Settle and Teng's data against
Threadgill and Little's model generally support the hypothesis that turning angle
plays a signi cant role in establishing the mean ow topology (cylindricalvs. conical).
Conversely, Vanstoneet al. (2018) suggest that the cylindrical similarities observed in
swept compression ramp experiments are a result of limitations in wind tunnel span.
They argue that con nement of the ow, which is typical in small university wind
tunnels, does not permit the development of an asymptotic (conical) state. Lu &
Settles (1990) similarly argued cylindrical interactions seen in swept compression ramp
could be due to limited test channel or shock generator dimensions. They postulated
in supersonic ows all sharp unbounded geometries naturally produced conical ow

elds.

2.2.2 Unsteadiness

Low-frequency unsteadiness associated with 3D swept interactions is poorly understood;
it remains unclear as to whether 3D SBLIs share similar mechanisms as the 2D case.
Indeed, the unsteadiness mechanisms describing the 2D interactions may not even truly
represent the behavior exhibited in the 3D interactions due to the signi cant cross
ow velocities. SBLIs with signi cant sweep can result in a spanwise inhomogeneous
interaction, where de ning a uniqueL;y is not possible (Doehrmanret al. (2018);
Vanstoneet al. (2018)). Strouhal numbers for swept SBLIs are therefore often quoted
with respect to the incoming boundary layer thickness as the reference length scale
(St, = f o=U, ). However, this does not account for di erently sized separated

regions, varying interaction strengths, nor any in uence of the domain size.¢. tunnel
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span). As a result, there remains a signi cant level of scatter in characteristi8t ,
values reported in the literature.

Early studies of 3D swept compression ramp SBLIs by Erengil & Dolling (1993)
demonstrated that increased sweep angles are associated with elevated frequencies
observed under the shock foote(g, from St, 0:02 for =10, to St, 0:.08
for =50 ), and decreased surface pressure amplitudes of the corresponding peak
(approximate 50% reduction when increasing sweep from=10 to =35 ). Shock
unsteadiness with frequencies at similar orders of magnitude have been observed
in multiple sharp n experiments, such asSt, 0:11 by Schmisseur & Dolling
(1992), andSt, 0:03 by Arora et al. (2019). However, the very de nition of what
constitutes “low-frequency' content is still open to debate. The limited availability of
experimental data which spans a range of sweep angles further compounds di culties
in identifying whether a speci ¢ characteristic frequency observed at given shock
foot is the “low-frequency' behaviour that is often discussed. If the anticipated low-
frequency peak is absent from a con guration tested in isolation, it is not clear if
the underlying mechanism is truly absent, or has instead shifted frequencies. While
some researchers have favored de ning low-frequency shock motionSas < 0:01,
the author retain a broader de nition where characteristic low-frequency shock foot
behaviour is deemed to have occurred when frequencies are signi cantly below those
associated with the incoming boundary layer and shear layer (while recognizing that
this frequency disparity may vary in certain SBLI con gurations).

Vanstone & Clemens (2019) reported multiple unsteadiness mechanisms present
in a swept SBLI, some relating to the unsteadiness mechanisms in 2D interactions
and one mechanism which is unique to the 3D interactions. A recent study on 3D
swept SBLI unsteadiness created by a non-concentric forward facing step by Huang &
Estruch-Samper (2018) showed low-frequency unsteadiness in the separated region.
The study suggests a possible unsteadiness mechanism relating separation shock motion

and shear layer entrainment similar to the observations made by Piponniaet al.
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(2009). However, Adler & Gaitonde (2020) and Arorat al. (2019) reported modest
low-frequency unsteadiness at the shock foot in two di erent swept interactions (sharp

n and ramp). The discrepancy between the unswept and swept case was attributed to
the open nature of the 3D separation and the lack of a strong mechanism for convective
feedback through recirculation in the separated region. This potentially suggests that
the global absolute instability is absent in 3D swept interactions. This is seemingly

in contrast with experimental observations made by Vanstone & Clemens (2019),
Huang & Estruch-Samper (2018) who each observed the presence of low-frequency

unsteadiness along the separation line.

2.3 Contributions of this Dissertation

The brief review provided above indicates that open questions on the mean and
unsteady characteristics of swept SBLIs remain. This is particularly true in the case
of swept impinging oblique SBLI, which has received little attention in the literature,
until the recent investigations conducted at the University of Arizona (Threadgill &
Little (2022); Padmanabhanet al. (2021)).

(a) Instantaneous (b) Mean

Figure 2.7: Instantaneous isosurface and mean contour of streamwise veloaighowing
guasi-conical nature of swept impinging oblique SBLIsM; =2:28, =30:0 and
=12:5 . Figure from Threadgill & Little (2022).
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In Threadgill & Little (2022), Tomographic PIV was used to visualize the 3D
structure of swept impinging oblique SBLI. From the mean velocity elds (Figure
2.7b), a quasi-conical structure is observed. Also, signi cant cross ow velocities
are evident in the interaction, indicating the open nature of the separation bubble.
The instantaneous velocity elds reveal signi cant unsteadiness near the separation
and reattachment lines. Threadgill & Little (2022) also showed growth/collapse of
separation region, similar to breathing motion observed in 2D SBLIs (Piponniaet al.
(2009)).

Building upon the observations from Threadgill & Little (2022), this dissertation
provides more physics-based understanding of swept impinging oblique SBLIs. The

primary objective of this work are:

" Capture the mean structure of swept impinging oblique SBLIs using surface ow
visualization, mean pressure measurements and low- delity numerical simula-

tions.

" Provide a detailed description of swept SBLI unsteadiness using high-bandwidth

pressure transducers.

"~ ldentifying unsteadiness mechanisms driving the low-frequency unsteadiness in

swept SBLIs.
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Table 3.1: Wind Tunnel Test Conditions

M: T [K] Po [pa] U; [m/s] Re=L[1/m]
2:28 3005 0933 1¢ 5548 999 1¢°
0:02 0:2 0:.002 10 2:6 013 1¢°

3. Methodology

3.1 Experimental Methodology

Experiments have been conducted in The University of Arizona Indraft Supersonic
Wind Tunnel (ISWT) at Mach 2.3. ISWT has a rectangular test section 24" 4.8"
32"(L W H) with good optical access. Working conditions in the test section are
highlighted in Table 3.1. Detailed characterization of the turbulent boundary layer in
the test section was carried out by Threadgill & Little (2022). Relevant boundary

layer properties in the middle of the working section are given in Table 3.2.

Figure 3.1: University of Arizona Indraft supersonic wind tunnel with Mach 2.3 nozzle
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Table 3.2: Compressible boundary layer statistics upstream of the interaction &e,
=5:45 10° Threadgill & Little (2022).

o[mm]  [mm] o[mm] HI[] G [] Re
6:53 194 055 350 00020 55 10°

This investigation primarily focuses on a swept impinging oblique SBLI produced
by a shock generator (Figure 3.2) withx-y plane ramp angle =12:5 and x-z plane
sweep angle =30:0. The shock generators are mounted onto the tunnel sidewall
83.5 mm downstream of the nozzle exit plane, and 38.1 mm above the instrumentation
plug. The shock generator is 88.9 mm in width and has a maximum thickness below the
leading edge of 8.9 mm. Shock generators are located in the streamwise direction such

that the SBLIs occur over the instrumentation plug, enabling detailed observations.

Figure 3.2: Schematic of the shock generator in the test section.

3.1.1 Diagnostics

Oil ow surface visualization: Oil ow visualization is achieved with a titanium

dioxide, kerosene, and oleic acid mixture, approximately 48% - 51% - 1% by weight,
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respectively. The mixture is thoroughly combined and applied near the interaction
region immediately before start-up. The uid is distributed by the starting normal
shock passing through the test section, and follows the local skin-friction gradients
to reveal surface features. Images are calibrated for perspective distortion using a

calibration plate and a bespoke MATLAB script.

Mean pressure measurementdflean pressures are acquired using 35 pressure taps
with a diameter of 05 mm. Vinyl tubes with diameter of 16 mm transfer the slow-
response pressure through a distance of 1000 mm to a Scanivalve DSA 3217 pressure
scanner with a sensor range of 103.4 kPa di erential referenced to ambient (stagnation)
pressure. Error in the mean pressure measurements was calculated by computing
the root sum square of the sensor errore{sor = 517 Pa) and statistical error
(6star = t= P N), such that egw = P ..o T - Since the standard deviation
changes throughout the interaction, the mean pressure port with the highest standard
deviation across all runsice. under the separation shock foot) was used to provide
a conservative estimate (wher®l = 1132, ,.x = 396:4 Pa, tggy, = 2:58) to return

estat = 30:4 Pa. Therefore, the total error associated with the pressure measurements is
€otal = 6CG0Pa= 0:0078p; = 0:0021q, . Eight channels were measured during
each run with a sampling frequency of 62.5 Hz. The plug is rotated for approximately

30 tests to populate the mean pressure distribution.

Unsteady pressure measurementtinsteady wall pressures under the SBLI are captured
using 10 holes with a diameter of 1.6 mm (0.063") in which Kulite MIC-062 high-
bandwidth pressure transducers are ush mounted. Two transducers capture pressure
data simultaneously at 262.144 kHz for 8 seconds using a National Instruments NI-
9222 data acquisition module. The signals are ampli ed using a Kulite KSC-2 signal
conditioner with a gain of 256 and ltered using a built-in analogue LP6F low-pass
Iter with a cuto frequency of 95 kHz to prevent aliasing. Spectral analysis of the

unsteady pressures is conducted using Welch's method with a Hamming window of



35

(a) Swept Impinging Shock (SIS) (b) Swept Compression Ramp (SCR)

Figure 3.3: Schematic of the computational domain for Swept Impinging Shock (SIS)
and Swept Compression Ramp (SCR)

length 8192 and 50% overlap. Spectral estimates are averaged across 511 windows,
yielding a frequency resolution of 32 Hz. The dynamic response of the sensor is
estimated to be at until approximately 20% of the diaphragm resonant frequency
(quoted by manufacturer to be 125 kHz), giving an e ective upper limit of 25 kHz in
dynamic response (Beresht al. (2011); Hurstet al. (2014)). Above these frequencies

some degree of signal gain and lag is expected.

3.2 Numerical Methodology
3.2.1 Numerical Solver

UArizona's CFDWARP (Parent (2017); Parent & Sislian (2004)), a higher-order
compressible ow solver, is used to perform the numerical simulations here. For laminar
cases, the steady state 3-D, compressible Navier-Stokes equatidAas0:72 =1:4)
are used. Dynamic viscosity is determined by Sutherland's law. For turbulent ows,
compressible Reynolds Averaged Navier-Stokes (RANS) equations with Wilckx

turbulence model are used. Convective uxes are discretized using Roe-FDS scheme
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combined with MUSCL approach where the inter-cell uxes are obtained using WENO
- AO (5,3) order interpolation scheme (Balsarat al. (2016)). Discretization of viscous
uxes are second-order accurate. Block alternate direction implicit scheme (ADI) is

used to accelerate the convergence of mass, momentum and energy equations.

3.2.2 Computational Setup and Flow Conditions

In the present study, Swept Impinging Shock (SIS) and Swept Compression Ramp
(SCR) induced SBLIs are studied. The schematic of the domain is in Figure 3.3. At
the in ow plane, Dirichlet boundary conditions are used. In the out ow plane, the
supersonic out ow boundary conditions are used. The bottom wall is assumed to be
adiabatic. Slip wall conditions were employed at the top plane and = 0 spanwise
boundary. In the opposing spanwise boundary, out ow boundary conditions are used
to replicate the semi-in nite shock generator conditions.

For the laminar swept SBLI simulations, the free stream conditions are shown in
Table 3.1. The inviscid shock impingement location for both SIS and SCR at the
root (z = 0) is Re, = 3:6 1(°. Aspect ratio of the SIS con guration is de ned
asAR = W=H (Figure 3.3). Height of the domain constitutes the extension of the
inviscid inception length in SIS Threadgill & Little (2020). To reduce the inviscid
inception e ects, the height of the domain is limited toH = 0:01 m. Aspect ratio of
the interaction is changed by varying the width of the domain. A detailed description
of code validation, computational grids, and grid convergence study for both laminar

and turbulent interaction are provided in Padmanabharet al. (2022).

3.2.3 2D Laminar SBLI Validation

For validating the computational solver for laminar SBLIs, experiments from Hakkinen
et al. (1959) and simulations from Sivasubramanian & Fasel (2016) are considered.

Hakkinen et al. (1959) performed impinging oblique SBLI experiments at Mach 2.0 for
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Figure 3.4: Flow visualization of 2D impinging SBLI. Contours of streamwise velocity
with streamlines in the separation bubbleM; =2:0, =3:0.

di erent inviscid shock strengths. Here we considered a case where the shock angle is
3258 and inviscid shock impingement aRe, =2:96 1. Contours of streamwise
velocity from grid converged result is shown in Figure 3.4. Figure 3.4 shows the
asymmetric behavior in the separation bubble, due to the center of recirculation being
shifted downstream towards the reattachment. Wall skin friction and mean pressure
ratio from the present simulations are plotted in the Figure 3.5. To compare with
the numerical simulation from Sivasubramanian and Fasel, the origin is o set from
the leading edge toRe = 950. In comparison with experimental measurements, the
size of the bubble is longer for the present simulation and the simulation done by
Sivasubramanian and Fasel. Sansicat al. (2014) suggested Hakkinen's experiment
exhibit 3D e ects and it can strongly in uence the size of the bubble. Ignoring 3D
e ects in the numerical simulation can make the comparison with experiments di cult.
And another e ect that can in uence the size of the separation bubble is freestream
disturbances in the experiments Sansicet al. (2014). Comparing the skin friction
coe cient (Figure 3.5a) with Sivasubramanian and Fasel's numerical simulation, the

size of the interaction is slightly underpredicted, but the overall pressure rise has a
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