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Abstract

Advances in measuring and understanding separated, nominally two-
dimensional (2D) shock-wave/turbulent-boundary-layer interactions
(STBLI) have triggered recent campaigns focused on three-dimensional
(3D) STBLI, which display far greater configuration diversity. Nonetheless,
unifying properties emerge for semi-infinite interactions, taking the form
of conical asymptotic behavior where shock-generator specifics become
insignificant. The contrast between 2D and 3D separation is substantial;
the skewed vortical structure of 3D STBLI reflects the essentially 2D
influence of the boundary layer on the 3D character of the swept shock.
As with 2D STBLI, conical interactions engender prominent spectral
content below that of the turbulent boundary layer. However, the uniform
separation length scale, which is crucial to normalizing the lowest-frequency
dynamics in 2D STBLI, is absent. Comparatively, the spectra of 3D STBLI
are more representative of the mid-frequency, convective, shear-layer
dynamics in 2D, while phenomena associated with 2D separation-shock
breathing are muted. Asymptotic behavior breaks down in many regions
important to 3D-STBLI dynamics, occurring in a configuration-dependent
manner. Aspects of inceptive regions near shock generators and symmetry
planes are reviewed. Focused efforts toward 3D modal and nonmodal
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analyses, moving-shock/boundary-layer interactions, fluid/structure interactions, and flow control
are suggested as directions for future work.

1. INTRODUCTION

Shock-wave/boundary-layer interactions (SBLI) are a crucial determinant of the performance of
high-speed vehicles. Typically, SBLI arise when the shock wave due to one surface, or a segment
of it, interacts with the boundary layer developing on another. Regardless of whether SBLI occur
in internal or external settings, the results are striking and usually disadvantageous from a vehicle-
performance standpoint. Fluid-dynamic consequences include flow separation, vortical-structure
formation, turbulence modulation, flow distortion, unsteadiness in various frequency bands, and
localized amplification of heat transfer. Practical implications include loss of control-surface au-
thority, increase in drag, reduction in combustion efficiency, and potentially destructive structural
responses of panels and empennages.

As a consequence, SBLI have been the subject of extensive research over several decades. The
state of the boundary layer entering the interaction is used to term SBLI as laminar, transitional, or
turbulent. We focus mainly on shock-wave/turbulent-boundary-layer interactions (STBLI) in this
review; however, results from the other regimes are noted in context when appropriate. The de-
gree of flow separation varies with the interaction parameters, principally the Mach and Reynolds
numbers, the strength and orientation of the shock relative to the boundary layer, and the wall
temperature. We further restrict primary attention to strong interactions, in which the flow is
separated in the time-mean sense; results for weakly (or incipiently) separated flows are noted
when necessary to illustrate certain points.

Several comprehensive reviews mark key milestones in SBLI research. A suitable starting point
for discussion here is the review of Dolling (2001), which has proven influential in providing
focus for a large body of fundamental research efforts in the twenty-first century. Different as-
pects of SBLIL, until approximately 2015, are summarized by Clemens & Narayanaswamy (2014),
as well as Gaitonde (2015) and Sandham (2016). The goal of the current work is to spotlight recent
work, that is, research since these later reviews that has contributed significantly to the current
understanding of three-dimensional (3D) SBLI. For logical development and context, some prior
efforts are also noted.

The preferred choices for fundamental SBLI studies are canonical arrangements that elicit
the primary features of interest without overwhelming geometric complexity. A few examples
used to illustrate the dynamics are shown in Figure 1. Results from such configurations have
translated quite well to the practical setting involving high-speed vehicles; however, some scal-
ing uncertainties remain. Statistically spanwise-homogeneous (or periodic) flows, especially the
impinging-shock (Figure 14) and compression-corner (also known as compression-ramp; not
shown in Figure 1) interactions, have been the most scrutinized. Both display similar dynam-
ics insofar as the principal aspects are concerned, and it is generally accepted that they are equally
applicable for studying the most fundamental properties of SBLI that are two dimensional 2D)
in a time-averaged sense; of course, the instantaneous flow is 3D. Other 2D configurations that
consider gradual curvature or sequences of compressions and expansions have also been explored,
but not with as much vigor in recent years as the impinging-shock and compression-corner SBLL

Recent multinational interest in high-speed flight is manifest in programs such as HI-
FiRE (United States—Australia), Sharp Edge Flight Experiment (Europe), Starry Sky-2 (China),
and Hyper-Velocity Gliding Projectile (Japan). These vehicles engender SBLI in internal and

Gaitonde o Adler



Annu. Rev. Fluid Mech. 2023.55:291-321. Downloaded from www.annualreviews.org
Access provided by 128.115.190.45 on 05/04/23. See copyright for approved use.

Figure 1

Canonical shock-wave/boundary-layer-interaction configurations of recent interest: (#) impinging shock,
(b) sharp fin, (¢) swept compression ramp, (4) double fin, (¢) blunt fin or cylinder on plate, () cone above
plate. The shock-generating surfaces are gold, the plate surfaces fostering the incoming boundary layers are
blue, and the shocks are outlined with dashed lines. The direction of each incoming flow is indicated by an
arrow.

external circumstances, in which no homogeneous direction is apparent; such 3D SBLI pose sev-
eral additional challenges to their study relative to 2D SBLI, and the much larger number of
possible orientations between the shock and the boundary layer requires the introduction of differ-
ent abstractions to describe these interactions in a fundamental way. The examination of 3D SBLI
also yields considerably more data that require greater sophistication in acquisition, visualization,
and analysis.

Nonetheless, several canonical configurations have aided the exposition of the primary features;
Settles & Dolling (1986) describe a comprehensive set, including classification into categories
of semi-infinite versus protuberance and dimensional versus nondimensional. In this review,
we consider the small subset illustrated in Figure 1b-f, which include the sharp-fin (SF),
swept-compression-ramp (SCR), double-fin (DF), blunt-fin (BF) or cylinder-on-plate (CoP), and
cone-above-plate (CaP) configurations, because these have been the focus of some of the most
intense, recent, fundamental research activity. Each configuration includes a surface (or plate)
that fosters a 2D, turbulent boundary layer, which subsequently interacts with the shock due to a
generator, yielding different 3D-SBLI phenomena.

The landmark review of Dolling (2001) summarizes the principal findings until the start of the
twenty-first century. Notable features associated with the mean flow were fairly well established
at the time for the 2D and many of the 3D configurations of Figure 1. A major contribution of
the review by Dolling was to bring attention to the primary unknown SBLI issues: unsteadiness
and heat-transfer rates. Progress has been made in both areas since then, especially for the former
problem. SBLI display a wide range of amplified frequencies that may be delineated into distinct
bands, with prominent spectral content well below that characteristic of the incoming boundary
layer. Such low-frequency oscillations have the potential to trigger structural responses, including
fatigue, and are thus of great concern.

Clemens & Narayanaswamy (2014) clarified community viewpoints regarding the origins of
the low-frequency content. The context of upstream versus downstream influences has proven
useful to the characterization, that is, to what degree the spectral facets of the interaction are
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necessarily dependent on fluctuations in the incoming boundary layer and/or the features of
the separation bubble and downstream coupling. A related approach to understanding 2D SBLI
considers the interaction in terms of a dynamical system that may exhibit features associated
with amplifiers or oscillators. Although 3D SBLI are the primary focus of this work, the results
concerning 2D SBLI form a reference for deliberation and are therefore summarized in Section 2.
Since the publication of Clemens & Narayanaswamy (2014), a number of additional efforts on
2D SBLI, many leveraging tools from hydrodynamic stability and related viewpoints, have greatly
added to the understanding of the community; we take the opportunity to outline some of these,
because they too aid in the discussion of 3D SBLI.

With regard to the issue of heat-transfer rates raised by Dolling (2001), the primary concern is
that these can be considerably amplified, by an order of magnitude or more, relative to those in the
incoming boundary layer, but were difficult to predict or understand. Progress in understanding
heat-transfer mechanisms since Gaitonde (2015) is not considered in this review; however, some
issues are discussed in Section 4 regarding suggested future work.

The main focus of this review concerns the rich dynamics of 3D SBLI that have been elu-
cidated by recent efforts. The differences in flow structure between these configurations and 2D
SBLI are profound and include unique kinematic, topological, and dynamic features that are quite
nonintuitive. For example, 3D separation is not necessarily accompanied by regions of reversed
(to the freestream) flow and is generally achieved without zero skin-friction values (except at a few
critical points). Similarly, 3D separating streamlines do not reattach, in contrast to 2D separation;
this is even true on symmetry planes, such as those encountered in the DE, BF/CoP, and CaP
configurations.

By the turn of the twenty-first century, classical efforts had established a number of
databases (Settles & Dodson 1994) that characterized the flow past many of the configurations
in Figure 1. Characterization of the mean flow relied mainly on qualitative surface-oil-flow and
schlieren images, supplemented by quantitative, time-averaged pressure, skin-friction, and heat-
transfer-rate measurements on the surface, along with field pitot-pressure surveys. Simulations
were restricted mainly to Reynolds-averaged Navier-Stokes (RANS) approaches. Gaitonde (2015)
surveys some of these 3D-SBLI results. In regions far removed from the shock generator, asymp-
totic dynamics are indicated by interaction properties that exhibit some degree of similarity (or
symmetry) with respect to a suitably chosen reference frame; these properties provide an effective
unifying schema to describe aspects of the interaction, such as 3D flow separation, and facili-
tate the derivation of scaling laws based on Mach and Reynolds numbers. Particular benefits of
such descriptions include the simplifications associated with the classical free-interaction princi-
ple (Chapman et al. 1957), which delineates aspects of separated flows that are independent of
the specific relative orientations of the shock and the boundary layer, as well as classifications into
open-versus-closed separation and conical-versus-cylindrical symmetry. Pertinent results describ-
ing the mean flow are reviewed in Section 3.1 by assimilating new or revised observations into the
classical mosaic.

The progress toward understanding unsteadiness in 2D interactions, which was documented
by Clemens & Narayanaswamy (2014), triggered extensive subsequent corresponding studies of
3D interactions, with different relative orientations between the shock(s) and the boundary layer.
In addition to the distinctions between 2D and 3D interactions noted above, the introduction of
sweep yields variable crossflow shear layers and skewed separating shear layers in 3D SBLI, which
engender new scales and phenomena that can append to or nullify 2D mechanisms. These efforts
have applied considerably more advanced measurement and simulation techniques to expand the
understanding of unsteadiness in 3D SBLI from the classical characterization, which had depended
primarily on local, experimentally obtained, pressure measurements.
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Recently developed, or maturated, high-resolution diagnostic capabilities for 3D SBLI include
pressure-sensitive paints with superior spectral-response characteristics, high-speed schlieren,
stereo particle image velocimetry (PIV), tomographic PIV, and even plenoptic cameras for vol-
umetric measurements. Emphasis has also been placed on addressing the possible influence of
tunnel-specific effects and scaling behavior through analogous campaigns in different facilities.
Concurrently, the maturation of unprecedented simulation capabilities based on advanced al-
gorithms and massive supercomputing resources has allowed for the resolution of all relevant
spatiotemporal scales in turbulent, 3D SBLI, as well as the application of sophisticated dynamical
systems approaches that can monitor enormous numbers of degrees of freedom. Both experi-
ment and computation have also benefited from the concomitant development and application
of data-driven postprocessing methods rooted in system-identification techniques. Collectively,
these studies paint a complex picture of the underlying physics of unsteadiness in 3D interactions.
These efforts and the conclusions that constitute the current understanding of the phenomenology
and mechanisms of unsteadiness in asymptotic 3D SBLI are distilled in Section 3.2.

Although useful for connecting different types of 3D SBLI, the abstraction of asymptotic dy-
namics breaks down in many important circumstances. The details then become specific to the
particular configuration of interest, and, in treating these special cases, restrictions must be placed
on the scope of this review for tractability. Section 3.3 discusses some deviations relative to asymp-
totic behavior by focusing on regions of inception and symmetry. Inceptive effects refer to SBLI
properties near the shock generator; practical configurations necessarily display such behavior in
some neighborhoods, which may be quite large depending on the Reynolds number and strength
of the interaction. Symmetry planes often bound regions of SBLI, and their apparent local sim-
ilarity to the strictly 2D interaction has motivated the use of correspondences between the two;
however, such correspondences must be interpreted with caution. Key distinctions between the
dynamics associated with symmetry planes and 2D SBLI are elucidated, noting that deviations de-
pend on the nature of the configuration; observations from the DF, BE/CoP, and CaP are merged
in the discussion of this point.

Finally, some thoughts on emergent and future work regarding the dynamics of 3D SBLI
are presented in Section 4. In addition to the natural next steps to further the understanding
of asymptotic behavior, SBLI-related phenomena during large-scale, nonperiodic shock motion,
as relevant to propulsion-flowpath components, are placed in the context of corner flows that
are subjected to shock interactions (confinement). The improved understanding of 3D SBLI due
to recent progress, including descriptions of turbulent coherent structures and spectral content,
is then used to comment on potential, multidisciplinary advances in fluid/structure interactions
(FSI) and control.

We have made several necessary choices in writing this review. Key points are elaborated using
figures from the authors’ own computational work. This election is made only for the sake of
convenience. Citations crediting antecedent and contemporary works, from both experimental
and other numerical campaigns, are included to the extent possible, with the following caveat:
Given that the goal is to highlight SBLI dynamics rather than to provide a comprehensive citation
database, some germane recent work has inevitably and regrettably been omitted from discussion
and citation, due to the finite effort and perspective of the authors; such omissions should not be
construed to impute irrelevance. To focus the discussion, we employ the SF configuration to de-
scribe the features of swept SBLI; similarities and differences relative to other configurations are
summarized in reference to the SF flowfield. The results are assimilated from campaigns covering
a wide range of Mach and Reynolds numbers. The former range spans approximately 2 to 5, while
the latter, based on the incoming boundary-layer thickness (Re;), spans from O(10°) in simulations
to O(109) in experiments. While some 2D and 3D simulations match the Reynolds numbers of

www.annualreviews.org o Dynamics of 3D SBLI

295



Annu. Rev. Fluid Mech. 2023.55:291-321. Downloaded from www.annualreviews.org
Access provided by 128.115.190.45 on 05/04/23. See copyright for approved use.

Turbulence
structure

Figure 2

Shock
structure

is TN
LC \{ i/— LD
1 f

Flow structure of 2D shock-wave/boundary-layer interactions, as exemplified by the impinging-shock interaction. (#) Rendering of the
instantaneous flowfield, with the turbulence structure described by the red colormap and the shock structure described by the blue
colormap. Panel # adapted from Adler & Gaitonde (2018) with permission. (») Illustration of the 2D mean flow, including the shock
structure and streamlines in both the separated and the recirculating flow. (¢) Sketch of the mean surface-flow pattern, illustrating the
spanwise-degenerate surface-flow singular points: the spanwise-repeating, alternating nodes and saddles of separation and attachment
that, in aggregate, form the LC and LD. Abbreviations: C, center; L, separation length; LC, line of coalescence; LD, line of divergence;
N, node; S, saddle point; ', surface saddle point.

experiments, many consider values an order of magnitude lower for computational tractability.
The broad portrait of swept SBLI that is presented below is relatively independent of these param-
eters; therefore, specific parameters for different cases are listed explicitly only when necessary.
Relatedly, details of the diagnostics and algorithms are also deferred to the cited literature.

2.2D SBLI: SUMMARY AND UPDATE

The problem of establishing the causal description of unsteadiness has been a dominant driver of
2D-SBLI research since the review of Dolling (2001). Impinging-shock and compression-corner
results are used interchangeably in this discussion because of their similarity for this purpose.
Figure 24 shows some representative, instantaneous features of 2D SBLI. An equilibrium turbu-
lent boundary layer (thickness 8) interacts with an impinging shock, resulting in flow separation.
A schematic of the mean flowfield, shown in Figure 25, depicts the shock system, whose main
components are the impinging and reflected shocks, which become separation and attachment
shocks in the boundary layer, together with various compression and expansion waves.

The topological structure of mean-flow streamlines is relatively simple for this 2D interaction;
however, it contains useful information as reference for the subsequent discussion of 3D SBLIL
Zero-velocity points in the flow with indeterminate gradients, designated as critical (or singu-
lar) points (Perry & Chong 1987), aid in classifying and understanding the topological structure.
For 2D separation, the primary singular points on the spanwise-normal plane are the center, C,
and two saddle points (S'). The primes denote points occurring on the surface; rules govern-
ing the numbers and types of such points in surface-flow patterns or streamlines constrained to
any arbitrary plane may be found in Perry & Chong (1987). More advanced bifurcations to both
the surface and the off-surface flows may occur, including secondary separation and attachment;
however, these are not crucial for the current discussion. This relatively simple, time-averaged
structure is useful for analysis, but neither instantaneous streamlines nor pathlines in the turbu-
lent flow follow such ideal, closed trajectories. The idealized, mean, surface-flow pattern, sketched
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Characterization of unsteadiness in 2D shock-wave/boundary-layer interactions. (#) Premultiplied wall-pressure PSD at the shock foot
(7) and near attachment (7i), for the impinging-shock interaction, with the Strouhal number formed from the mean separation length,
Sty . Different lines in plots represent shock strengths varying from turn angles of 7.1° to 9°. The insets identify the regions of the
interaction that exhibit the spectra of panels 7 and 7i. Panel # is adapted with permission from Dupont et al. (2006) and is annotated for
clarity. () Premultiplied wall-pressure PSD as a function of streamwise coordinate (x), with spatially local (7) and global

(if) normalization, for the compression-corner interaction; St is formed from the mean boundary-layer thickness (/ef axis) and the mean
separation length (right axis). The colored bands call out important dynamics of the interaction: interaction breathing (red), secondary
bubble oscillations (b/ue), shedding and shock flapping (#zagenta), and incoming turbulent fluctuations (green). Abbreviations: PSD,
power spectral density; St, Strouhal number. Data from Adler & Gaitonde (2020) with permission.

in Figure 2c, includes a line of coalescence (LC), where the flow separates from the surface, fol-
lowed by a line of divergence (LD), where the flow reattaches; the distance between the two is the
separation length (). The comprehensive review of Green (1970) discusses the spanwise degener-

acy of this 2D surface-flow pattern, which becomes nondegenerate, with important ramifications

for unsteadiness in 3D SBLI.

The essential elements of unsteadiness in 2D SBLI, based on a large number of studies
(Dolling 2001, Clemens & Narayanaswamy 2014), are illustrated in Figure 3. Figure 34 shows
the premultiplied (by frequency) wall-pressure power spectral density (PSD) for impinging-shock
interactions of different strengths (7.1 < 6 < 9.5, 6 being the turn angle) at two locations. Near the
foot of the separation shock, a peak is evident at |, = fL /Uy ~ 0.03, in which Sz, is the Strouhal
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number based on the frequency (f), the freestream velocity (Ux), and L. L is clearly the relevant
length scale to nondimensionalize the prominent low-frequency content that is found two decades
lower than those frequencies representative of the incoming boundary layer. Downstream of sep-
aration, the peak frequency range is centered at higher frequencies around Sz, ~ 0.5, still a decade
lower than those frequencies characteristic of the incoming boundary layer. Experimental results
on the compression corner may be found in Ganapathisubramani et al. (2007).

Numerous simulations, including those of Pirozzoli & Grasso (2006), Touber & Sandham
(2009), Priebe & Martin (2012) and Morgan et al. (2013), have confirmed this behavior. Panel 4 of
Figure 3 shows numerical results for the 2D compression-corner interaction, taken from Adler
& Gaitonde (2020) for easier assimilation of the 3D-STBLI results to follow. Here, the premulti-
plied wall-pressure PSD is described as a function of the streamwise coordinate (x), while the left
and right vertical axes indicate Strouhal numbers in terms of § (Sz; = f§/U.) and L, respectively.
The results exhibit a similar low-frequency (St ~ 0.02) peak near separation and a mid-frequency
(St ~ 0.5) band downstream of attachment. Figure 35,/ utilizes a spatially local normalization
for PSD, in which the frequency-integrated PSD at each spatial location is normalized to unity;
this allows the prominent frequencies at different spatial locations to be compared independently
of fluctuation magnitude. Figure 3b,ii utilizes a global normalization for PSD, which is useful for
understanding which regions of the surface are subjected to significant dynamic loading, in this
case, the regions near separation (St;, ~ 0.02) and attachment (Sz, ~ 0.5).

A summary of 2D-SBLI phenomenology identifies four distinct bands marked in Figure 35,
each with associated physical processes: band I (S#;, ~ 0.03): interaction breathing and large-scale
separation-shock motion, exhibited at the lowest frequencies and related to the properties and
stability of the separated flow; band II (S#;, ~ 0.1): secondary bubble oscillations, exhibited at the
lower middle frequencies; band III (Sz;, ~ 0.5): large coherent fluctuations of the separated shear
layer, including structure shedding and flapping of the reflected shock, exhibited at the middle
frequencies (note that this band should be expected to scale properly only with a Strouhal number
based on the properties of the shear layer); and band IV (St5 ~ 1): the convection and modulation
of integral-scale turbulent fluctuations entering through the incoming boundary layer, exhibited
at the highest frequencies.

Among these regimes, the most prominent range, which corresponds to the lowest band
(St, ~ 0.03), has been the subject of substantial additional attention since the review of Clemens
& Narayanaswamy (2014), who address the interaction as a dynamical system, with driving mech-
anisms rooted in upstream boundary layer disturbances or in instabilities organic to the separation
region. Their basic conclusion is that the latter mechanism is adequate to describe the observa-
tions, with the influence of upstream boundary-layer disturbances diminishing with the strength
of the interaction, as represented by L.

Newer analyses have furthered our understanding of the low-frequency content in 2D SBLIL
Flight-test data (Poggie et al. 2014) have revealed similarities with tunnel and numerical observa-
tions, laying to rest questions about whether tunnel or Reynolds-number effects (which tend to be
much smaller in experiment and simulation than in flight) are responsible for these observations.
Another noteworthy effort is that of Estruch-Samper & Chandola (2018), who use the flow past
an axisymmetric step to delineate the role of the shear layer in the observed unsteadiness at differ-
ent separation scales. Progress in perturbation-based analyses of time-invariant basic states, from
both laminar and time-averaged turbulent flows, has also promoted deeper understanding. The
rationale and justification for the latter to display dynamics representative of the fully turbulent
flowfield, with Reynolds-stress considerations, have been developed anew (Beneddine et al. 2016,
Karban et al. 2020), and successful applications of both modal and nonmodal techniques have been
reported for a variety of problems in different speed regimes. Although all such exercises detect
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the tendency toward separation-bubble breathing, different insights have been obtained depend-
ing on the method, the basic state, and the interpretation. We focus on some efforts of the last few
years to provide a basis for the 3D-SBLI results to follow.

Several studies have weighed in on low-frequency observations in the context of oscillator or
amplifier dynamics. The laminar basic state, obtained at relatively lower Reynolds numbers, is
steady; for these, stability analyses reveal only stable modes, requiring external forcing to sustain
unsteady behavior. An example of a nonmodal analysis is presented by Sansica et al. (2014), who
demonstrate that white-noise forcing of the bubble elicits a low-frequency response. Other meth-
ods using laminar basic states include the stability and global resolvent analyses of Guiho et al.
(2016), who detect features of a selective noise amplifier and associate the lowest frequencies with
structures near the separation shock. Of course, the impingement of a shock on a laminar bound-
ary layer may trigger transition at typical parameters of interest; this problem is not in the scope
of the current review, but Dwivedi et al. (2020) describe an example of the mechanisms involved
at Mach 6.

For turbulent basic states, earlier efforts in this vein (Touber & Sandham 2009, Pirozzoli et al.
2010), which connected the low-frequency bubble-breathing phenomena to 2D global modes,
were greatly extended by Nichols et al. (2017). An unstable zero-frequency mode was observed,
which may be important to the oscillator characterization of the low-frequency dynamics, if the
oscillator mechanism is fundamentally nonlinear (Adler & Gaitonde 2018, 2020). Nichols et al.
(2017) additionally uncovered weakly damped modes consistent with bubble-oscillation behavior,
presumably requiring external forcing for sustenance in the actual turbulent flow. There are a
variety of possible sources for interaction forcing with both upstream and downstream origins.
Upstream-traveling waves, observed and explained initially by Pirozzoli & Grasso (2006), were
recently further connected to postseparated (downstream) flow influences on shock motion (Sasaki
et al. 2021). Other simulations and correlations by Porter & Poggie (2019) draw attention to
the influence of downstream-traveling boundary-layer fluctuations, originating upstream of the
interaction, which may be influential in setting the phase of the low-frequency oscillations.

Recent high-fidelity simulations have also aided in connecting the observed low-frequency
phenomena to unsteadiness in the underlying coherent structures. The mean streamline curva-
ture of the separated SBLI flow allows for Gortler-like features (Andreopoulos & Muck 1987).
Concerning a compression-corner flow, Priebe et al. (2016) highlight the influence of a Gortler-
type instability and large-scale structures, which initiate at the shock foot and contain low- and
high-momentum components that extend throughout the separation region. For strongly sep-
arated impinging-shock cases at high Reynolds numbers, Pasquariello et al. (2017) suggest that
such coherent, Gortler-like vortices may provide a source of continuous forcing that is intrinsic
to the interaction and influential in sustaining the low-frequency phenomena.

The dynamic linear response of the unsteady turbulent flow was recently examined using syn-
chronized large-eddy simulation (Unnikrishnan & Gaitonde 2016), which considers statistical
analyses of the initial-value problem and tracks linear perturbations propagating in the fully tur-
bulent flow (Adler & Gaitonde 2018). This procedure introduces the concepts of time-local and
time-mean linear tendencies and facilitates the examination of selective amplification at various
points in the limit cycle of interaction-breathing motion and asymmetries and restoring mecha-
nisms in the oscillatory cycle. The results confirm, clarify, and extend many of the observations
derived from analyses of mean flows. In particular, the 2D SBLI exhibits a global absolute in-
stability that is maintained through constructive self-sustaining feedback of perturbations in the
separation region. The statistical analysis of perturbations in the low-frequency band identi-
fies linear restoring tendencies at extreme shock displacements while indicating that the mean
shock position is linearly unstable; hence, the oscillatory description of low-frequency motion
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must be fundamentally nonlinear. The time-mean linear tendency is for upstream shock motion,
and the analysis assigns the asymmetry, as noted experimentally by Piponniau et al. (2009), as a
consequence of competing linear and nonlinear mechanisms.

The mid-frequency band has not been scrutinized in as much detail as the low-frequency band.
However, this spectral content is prominent in the interior of the interaction and in the separation
(reflected) and attachment (impinging) shocks (Figure 34). The coherent structures associated
with this band, assigned to shear-layer phenomena, are visualized, for example, in the experiments
of Souverein et al. (2010). This band of frequencies has also been reproduced in high-fidelity
turbulent simulations and stability studies. A major question from the standpoint of this review,
being pertinent to 3D SBLI, concerns the appropriate length and velocity scales underlying the
frequencies in this band; this discussion is deferred to Section 3.2.

3.3D SBLI

3D-SBLI research in recent years has deployed ever-more-sophisticated computational and ex-
perimental techniques for the SF (Arora etal. 2019, Adler & Gaitonde 2020), SCR (Vanstone et al.
2018, Adler & Gaitonde 2020), BF/CoP (Lash et al. 2021, Lindérfer et al. 2020), CaP (Zuo et al.
2019), and swept impinging-shock (Padmanabhan et al. 2021) interactions. All of these have high-
lighted, to various extents, key distinctions between 3D SBLI and 2D SBLI, reinforcing the need
to exercise care in interpreting results obtained for the former in the more mature frameworks
developed for the latter.

Some simplicity and unity of description may be obtained by first considering the behavior of
swept SBLI arising from semi-infinite interactions that give rise to an asymptotic state. Such flow-
fields are achieved at distances where the direct influence of the shock generator diminishes. We
use the SF in Sections 3.1 and 3.2 to discuss the asymptotic features of 3D SBLI, drawing distinc-
tions with the other configurations of Figure 1 as necessary. Asymptotic and limiting dynamics
are discussed in Section 3.3, using specific configurations for illustration.

3.1. Asymptotic Swept Interactions: Flow Structure

When one is describing the 3D nature of the flow, it is advantageous to examine the interaction
from different perspective viewpoints. To provide orientation, the flow direction is marked as a
common reference where appropriate. The SF SBLI of Figure 4 illustrates both the instantaneous
and the mean structure of a typical, swept, semi-infinite, 3D interaction. The rendering of the 3D
interaction in Figure 44 is analogous to that of the 2D interaction of Figure 24. The incoming
boundary layer is similar in both cases; however, the shock structure is distinctly different. Far
above the plate, in the essentially inviscid region, the shock sweeps across the boundary layer at an
oblique angle. Near the surface, the shock bifurcates to form a lambda (1), with a leading segment,
the separation shock, that induces flow separation and a trailing component, the rear shock. The
shadowgraph of the flow in Figure 4, from Arora et al. (2019), displays a very similar instanta-
neous structure. The strength of the interaction, which controls the size of the lambda and the
separated region, depends on the freestream Mach number and the flow turning angle (Korkegi
1975). 3D reconstructions of the flow from experiments, employing the tomographic PIV tech-
nique, also exhibit elements that are consistent with this 3D structure (Mears et al. 2021). Due to
the similarity of swept, semi-infinite SBLI, analogous renderings of the SCR interaction display
the same principal features (Adler & Gaitonde 2020).

The growth of interaction size with increasing distance from the leading edge of the shock gen-
erator draws attention to the type of behavior anticipated asymptotically, that is, far from the shock
generator. The asymptotic behavior is best characterized with the mean flowfield, specifically, the
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Figure 4

3D structure of the sharp-fin shock-wave/boundary-layer interaction. (#) An isosurface of Q-criterion colored by streamwise-velocity
magnitude describes the instantaneous structure of the turbulence (red/blue colormap), with isosurfaces of |u - vp| to describe the
instantaneous shock structure (transparent blue/purple colormap). The spatial coordinates are nondimensionalized by §. The inset
facilitates the comparison of the highlighted region to a shadowgraph image from the experiments of Arora et al. (2019), reproduced
with permission. (4) Contours of the mean pressure on concentric, virtual conical origin (VCO)-centered, spherical surfaces illustrate
the conical symmetry of the mean flow, with annotation of the fundamental lines of the interaction: (I) line of surface-flow coalescence,

(2) projection to the plate of the inviscid shock, (3) shock-triple-point locus, and (4) line of surface-flow divergence.

type of symmetry ultimately attained. Two primary types of asymptotic symmetry, conical and
cylindrical, arise in semi-infinite swept interactions with planar shock generators. In the former, a
major focus of this review, the 3D mean properties collapse when plotted in spherical coordinates
that originate at a point designated the virtual conical origin (VCO). This introduces a radial dis-
tance variable, 7, originating from the VCO. Figure 45 illustrates the conical symmetry of the SF
by plotting the mean pressure on concentric spherical surfaces centered at the VCO. The lambda-
shock structure is evident on each spherical surface, growing in size linearly with 7, and the locus
through the shock triple points on each surface is essentially a straight line from the VCO, in the
asymptotic limit.

The footprint of the flow, represented by experimental, surface-oil-flow patterns or bounded
near-wall streamlines from simulation, also exhibits characteristics of conical behavior; such pat-
terns are an especially useful description of the nature of the interaction because they can be
obtained experimentally with a relatively more accessible measurement technique. Figure 54
shows a perspective sketch of the interaction footprint, including the fin. The surface flow of the
incoming boundary layer forms an LC, indicating 3D separation; the LC is formed approximately
at the foot of the separation shock, as shown in Figure 4. Nearer to the fin/plate juncture, an LD
forms, indicating 3D attachment. The inviscid-shock trace lies between the LC and LD. These
features are readily observable from both the experimental oil-flow patterns (Baldwin et al. 2019)
and the simulated surface flow (Adler & Gaitonde 2019).

For interactions that exhibit conical symmetry in the asymptotic limit, the LC, the LD, and
the shock-triple-point locus appear to originate from the VCO. Additional features, including
those associated with secondary separation and attachment if present (Settles & Lu 1985), also
appear to originate from the VCO in the asymptotic limit. Conical symmetry is increasingly im-
perfect and eventually broken in the inceptive region near the shock generator (» — 0), where the
surface-flow lines exhibit some curvature; the phenomena of this region are examined separately
in Section 3.3. Therefore, the overall symmetry of the interaction, including inceptive effects, is
termed quasi-conical. Notably, even far from the shock generator, the thickness of the boundary
layer entering the interaction does not generally increase with 7 in the manner required for true
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Figure 5

Separation structure of the 3D-SBLI mean flow as exemplified by the sharp-fin interaction. (#) Streamlines bounded to the near-wall
region (black, green, magenta) illustrate the surface-flow LC (separation: black/green) and LD (attachment: green/magenta). (b) Bounded
near-wall streamlines (black, green, magenta) along with unbounded streamlines (red, blue) illustrate the shear layer formed by the
separating boundary layer (red), as well as the entrainment flow (blue). The attaching flow (blue: from above the plate surface on the /ef?)
has not previously separated; thus, it is not reattaching. Abbreviations: IST, inviscid-shock trace; LC, line of convergence; LD, line of
divergence; VCO, virtual conical origin.

conical symmetry. However, because the interaction size itself increases with 7, the thickness of the
incoming boundary layer becomes insignificant relative to the size of the interaction, and conical
symmetry becomes increasingly perfect (r — 0o). The SCR interaction also exhibits quasi-conical
symmetry; this quasi-similarity of the flow structure for 3D SBLI resulting from different types
of planar shock generators forms a foundation for the free-interaction principle (Chapman et al.
1957).

The streamline structure of the 3D-SBLI mean flow is markedly different from that of its 2D
counterpart. Representative streamlines are sketched in Figure 5b. One may establish a connec-
tion between the unrestricted off-surface streamlines and the restricted surface-flow streamlines
(the trajectories are restricted through their reprojection to the near-surface region). As in 2D
SBLI, the LC in the surface-streamline pattern of the 3D SBLI indicates flow separation. How-
ever, unlike the former, after leaving the surface, the separating streamlines (Figure 5b) of the
latter yaw away from the shock generator, which is a manifestation of flow relief in this swept
interaction; more crucially, these streamlines never reattach. Rather, the flow separating from the
downstream side of the LC (Figure 5b) is actually the same flow that attached at the line of di-
vergence near the fin-plate junction. This fluid is swept toward the line of separation from the
downstream side. Because this flow has already been processed by the swept shock at a higher
elevation from the plate, the flow after attachment evolves under a favorable pressure gradient.
The notion that separation and attachment regimes in 3D flows are profoundly different from
each other and from corresponding processes in 2D flows has been noted numerous times over
the years, even in the early reviews of Green (1970) and Délery (2001). The different origins of the
separating and attaching flows in 3D SBLI, in the boundary layer and in the outer inviscid flow,
respectively, lead to the notions of outer and inner regimes (Adler & Gaitonde 2019), with compet-
ing 2D and 3D scales that have no counterpart in 2D SBLI. In the context of the classical notion of
such swept flows being inviscid/rotational outside of the region near the plate (Knight et al. 1987),
one may then argue that the outer flow constitutes the vortical content arising from the upstream
boundary layer, while the inner crossflow and far-outer rotational flow cause its redistribution.

The structure of the quasi-conical mean flow also provides insight into some important aspects
that are tangentially related to this review. The observations of high pressure and heat-transfer
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rates near the juncture of the fin and the plate are related to the impingement of the outer flow (an
impinging jet) in this region (Kim etal. 1991, Panaras 1996). The distribution of Reynolds stresses
and turbulent kinetic energy have not been probed in quite as much detail as for 2D interactions;
nonetheless, some understanding of these quantities may be found in Adler & Gaitonde (2019).
Baldwin et al. (2021) explored the effect of scale by obtaining results in different facilities for
interactions at similar Mach numbers but different Reynolds numbers; the results are similar in
form, and a method of mapping between different interaction sizes has been proposed.

Although classical studies have confirmed the quasi-conical character of these swept interac-
tions (Settles & Lu 1985, Gibson & Dolling 1992), a brief discussion of cylindrical symmetry is
apt. In such interactions, flow similarity collapses in cylindrical coordinates. The lines of sepa-
ration and attachment are parallel to each other, which is similar to the 2D case of Figure 2c,
except that a spanwise velocity component is superposed. Because the interaction footprint does
not grow with the spanwise direction, the resulting dynamics necessarily differ from the results
for conical symmetry discussed to this point. Classical literature suggests that the establishment
of the type of asymptotic symmetry, conical versus cylindrical, may depend on whether the in-
viscid shock is attached or detached (Settles & Teng 1984). Recent high-fidelity simulations of
SCR SBLI indicate that this is not the case (Adler & Gaitonde 2019); conical symmetry is always
obtained in the asymptotic sense for swept, semi-infinite interactions. In cylindrical interactions,
time-mean, aggregate entrainment of the outer flow is precluded, leading to a circumstance in
which the mean interaction is closed and a separating streamline can reattach, similar to a 2D
interaction. Additionally, a uniform separation length scale can be defined; however, unlike the
2D SBLI, any closed convective loop in the 3D mean flow is precluded by the nonzero spanwise
velocity component.

In a limiting sense, cylindrical interactions represent the displacement of the VCO to infinity,
which may be obtained in the limit of mild sweep in 3D interactions. The results of Padmanabhan
et al. (2021), concerning a swept impinging-shock interaction, indicate cylindrical behavior
in a region where the interaction may be considered quasi-infinite; increasing sweep displays an
apparent tendency toward conical interactions. Vanstone et al. (2018) summarize their own prior
observations to indicate that measurements of cylindrical symmetry in swept interactions may
represent inceptive regions of otherwise conical interactions and, further, that truly cylindrical
interactions may be limited to 2D SBLI.

Nonetheless, conceptually stimulating numerical exercises have leveraged the relative simplic-
ity of cylindrical symmetry. Di Renzo et al. (2022), Gross et al. (2022), and Larsson et al. (2022)
examine the addition of a spanwise velocity component, with spanwise-periodic boundary condi-
tions, to an unswept 2D impinging-shock configuration. This two-dimensional/three-component
(2D/3C) SBLI provides an intermediate condition between the 2D and 3D interactions, which
may provide insight for the examination of the transition between regimes. These studies indicate
that the size of the separation bubble increases relative to the purely 2D case and is composed of
a shallow precursor separation bubble and an essentially triangular main component (Di Renzo
etal. 2022, Larsson et al. 2022).

3.2. Asymptotic Swept Interactions: Characterization of Unsteadiness

The basic nature of unsteadiness in 2D SBLI may be discerned, as in Figure 3, by examining
spectra of surface-pressure fluctuations at a relatively small number of locations. The growth of
3D SBLI with radius from the VCO considerably complicates the description of unsteadiness due
to the larger volume of interest. Universal features of interaction symmetry in asymptotic regions
may be exploited to simplify the characterization; the rest of this section addresses unsteadiness
in conically asymptotic regions of the flow.
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Figure 6

Characterization of unsteadiness in 3D shock-wave/boundary-layer interactions as exemplified by the sharp-fin interaction.

(@) Schematic identifying the surface-pressure-probe locus (red) as a function of angle relative to the incoming flow direction (9), at a
given radius (7) from the virtual conical origin (VCO). ()—d) Premultiplied wall-pressure power spectral density (PPSD) as a function of
6 at concentric radii: /8 = 2, 6, and 10 for panels b, ¢, and d, respectively. Frequency normalization is provided by Strouhal numbers
(St) on the basis of the boundary-layer thickness (Sts) on the left axis and local separation length (Sth) on the right axis. Bands
demarcated by red lines outline the high-frequency (turbulence) and mid-frequency (shear-layer) bands. Blue arrows indicate lines of
separation and attachment for the 22° interaction. Panels b—d adapted with permission from Adler & Gaitonde (2020). (¢) Root-mean-
square wall-pressure fluctuations as a function of 6 for various frequency bands from the experiments of Arora et al. (2019) (adapted
with permission) for the 15° interaction. The total spectrum (black) is shown along with constitutive components: middle frequencies
(red), lower frequencies (purple), and higher frequencies (b/ue). UI denotes the upstream-influence line.

Because the properties of the interaction vary with the azimuthal angle (an angle of zero de-
grees corresponds to the freestream direction), it is convenient to plot the wall-pressure spectra
along an arc at a specific radius from the VCO, as shown in Figure 64. We again use the simula-
tions (Adler & Gaitonde 2020) to establish the main observations and then assimilate experimental
data. Panels #-d of Figure 6 show spectra for the SF interaction at three different radii for a
22° fin at Mach 2 and Re; ~ 1.6 x 10*. The abscissa is the angle 6 (Figure 6a), with values in
Figure 6b-¢ decreasing going rightward to maintain a left-to-right flow orientation, while the
ordinate is the nondimensional frequency. Results from the simulated SCR are similar in form
and may be found in Adler & Gaitonde (2020). Each arc intersects the LC and the LD, approxi-
mated as the locations of the leading and trailing shocks. The approximately vertical alignment of
these locations indicates that the angle between them does not change with radial distance; that
is, at these radii, the spatial distribution of the spectra exhibits conical symmetry. The distance
(Lsp) along the arc between the LC and the LD clearly cannot be constant but increases with
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displacement, 7, from the VCO; for this reason, the ordinate is marked in terms of both St; and
Str,,- The change in length, L3p, points to the growth of the interaction with 7, and it serves as a
local separation length scale but is not associated with a global, uniform, separation length as in
2D SBLL

The simulated, asymptotic dynamics of these types of swept 3D interactions are distinctly
different from those of 2D SBLI. This is evident from a comparison of the spectral bands of
Figure 6 with those of Figure 3; the quintessential comparison may be found in figure 5 of Adler
& Gaitonde (2020). In particular, relative to the 2D SBLI, the swept SBLI exhibit a suppressed
low-frequency band, that is, band I as designated in Section 2, with a peak at Sz, ~ 0.03 that cor-
responds to St; ~ 0.006 for these specific flow conditions. In fact, given St;, the most prominent
band of low-frequency unsteadiness in these swept interactions lies only one decade below those
frequencies characterizing the incoming boundary layer; without assigning equivalence at this
point, this band was classified as mid-frequency (band III) in the context of 2D SBLI. In general,
the spatial range of the mid-frequency band shows a measure of collapse in the conical frame. A
vestige of a slightly lower frequency (that is, a frequency below the lower bound for shear-layer-
associated unsteadiness in this interaction, as demarcated in Figure 6b—d), occurring upstream of
the location of the shock foot (6 ~ 90°, St; ~ 0.03), is evident only in the spectra at the smallest
radius (Figure 6b: r/§ = 2). However, even this spectral content exhibits higher frequencies
than those of band I of comparable 2D SBLI when scaled with the same §. The integral-scale
fluctuations scale with 8, while coherent shear-layer fluctuations scale weakly with the local
separation length; this latter observation is clearer for the SCR, as noted by Adler & Gaitonde
(2020). The more significant inceptive effects of the SF SBLI for small 7 in Figure 6 cloud this
latter observation; however, this interaction facilitates the subsequent illustration of the increasing
influence of inceptive effects on the interaction dynamics as the VCO is approached (= — 0).

The greater prominence of mid-frequency content in 3D SBLI relative to 2D SBLI has been
reported preliminarily in the classical literature and comprehensively in the contemporary liter-
ature. In the former category are the SF studies of Gibson & Dolling (1992) and Schmisseur &
Dolling (1994), as well as the SCR measurements of Erengil & Dolling (1993), all of which also
describe the observed unsteadiness as being one order lower than the characteristic frequencies
of the upstream boundary layer. Contemporary experiments by Arora et al. (2018) on a 15° SF
SBLI at the same Mach number (2) but much higher Reynolds number (Res ~ 1.5 x 10°) than
the simulations provide other key details. Figure 6e shows experimental results in the form of
root-mean-square (RMS) wall-pressure fluctuations (¢,) normalized by the mean wall pressure
(Py), for various frequency bands, obtained with Kulite transducers along a VCO-centered arc
at a radius of approximately 138 from the fin leading edge. The upstream-influence line and ap-
proximate separation and attachment locations are shown. Figure 6e shows the RMS of the full
spectrum, along with that of three constitutive components separated by frequency range: low
frequencies (St5 < 0.01), mid-frequencies (0.01 < St; < 0.2), and high frequencies (St5 > 0.2).

The dominant component clearly lies in the mid-frequency range over most of the interaction
downstream of the separation line. The RMS pressure is relatively high at the location of the
shock foot, where both mid-frequencies and low frequencies show peaks. These experiments also
provide some clarity regarding the motions of the separation and rear shocks, which result in
variations of the size of the lambda structure with time; smaller lambda sizes are statistically more
likely. The small, but coherent, increase in Sts > 0.2 content downstream of the separation shock
is associated with the generation of smaller scales (near 6 ~ 45°) as the flow is processed by the
unsteady separation shock. In terms of overall amplitudes, the measurements of Tan et al. (1987)
indicate a general lowering of RMS pressure fluctuations in 3D interactions.
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For the separated SCR at similar Mach and Reynolds numbers, Vanstone & Clemens (2019)
divide the observed spectral content into slightly different Strouhal number ranges: St; < 0.01,
0.01 < Sts < 0.1, and St; > 0.1, which they designate as low frequency, mid-frequency, and high
frequency. This last range, despite its designation, contains portions of the band designated mid-
frequency in Figure 6. Focusing on the separation line, they note that all bands contribute equally
to the motion. However, the 0.01 < St; < 0.1 band correlates well with superstructures in the in-
coming boundary layer, with velocity structures being important in establishing the motion of
separation location. In contrast, the Sz; > 0.1 band does not correlate significantly with velocity
fluctuations in the incoming boundary layer and accounts for large-scale unsteadiness in the inter-
action region. Rather, these frequencies are dependent on crossflow velocities, which increase with
the degree of sweep and the size of separation structures. An intriguing observation (Vanstone et al.
2019) is that the spectral content of the shock foot motion differs from that of the separation line
in that the former contains lower frequencies. In this context, the discussion of inceptive effects
in Vanstone et al. (2018) becomes important (Section 3.3). The swept impinging SBLI results of
Doehrmann et al. (2018), although cylindrically symmetric in nature, display some common be-
haviors of asymptotic conical interactions, including the rippling behavior of the shock front and
increases of shock foot motion frequency with sweep.

Several aspects deserve scrutiny in associating the distinctions between 2D and 3D SBLI, re-
garding both the mean flow and the corresponding unsteadiness. The first concerns the separation
length scale, L, as opposed to §, that collapses the low-frequency band I data at different Mach and
Reynolds numbers for 2D SBLI. For the conical symmetry exhibited by 3D SBLI, the separation
and attachment lines are divergent, and no global length scale, which may be equally applicable
at various distances from the VCO, is apparent. Therefore, scaling arguments from 2D SBLI do
not seamlessly extend to conically symmetric 3D SBLI. One may then consider § and the growth
of interaction size with 7 to be, separately, imposing 2D and 3D scaling effects, respectively; these
considerations provide a priori clues as to the observed differences in spectral content. Addition-
ally, the lack of a clear correspondence between 2D and 3D scales indicates that similar values
of Strouhal number, even when based on the same scale (for example, Sts), do not permit an
immediate association.

The second aspect concerns particle paths. As implied above, streamlines (or pathlines) in the
unsteady turbulent flow do not loop upon themselves, regardless of whether the flow is nominally
2D or 3D. The time-mean flowfield is quite different and represents a useful abstraction to dis-
tinguish 2D from 3D flows. In the former, a convective streamline loop is obtained, while in the
latter, regardless of the type of symmetry, whether conical or 3D cylindrical, the closed pattern
is disrupted by the out-of-plane mean velocity component. This absence of a closed loop is also
noted when such streamlines are restricted to arbitrary surfaces, such as spherical or spanwise-
normal planes. In fact, as elaborated in Section 3.3, even on symmetry planes of 3D flows, the
time-averaged flow exhibits a different streamline and critical point structure than those observed
in Figure 2b.

The third consideration concerns the natures of the two regimes displayed in Figure 55, the
separating shear layer and the entrainment flow, which differ substantially from any 2D counter-
parts. The contours of Figure 7 describe the local angles of pitch [Figure 7a: arctan (v/«)] and
yaw [Figure 7b: arctan (w/u)] of the velocity vector, with streamwise, plate-normal, and span-
wise components denoted by #, v, and w, respectively. The LC and the inviscid-shock trace are
marked. The pitch angle exhibits both positive (near-separation) and negative (near-attachment)
values. The yaw angle is uniformly positive, however, and takes values far exceeding the range
plotted near the plate. A key observation is that the separating shear layer, which intersects the
spherical surface at approximately the same location as the forward leg of the lambda shock,
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Aspects of the mean flow that highlight the separated shear layer and the entrainment flow. Contours of the
pitch (#) and yaw (b) angles (in degrees) of the velocity vector are plotted on virtual conical origin—centered
spherical surfaces of radius 7 = 14. Profiles quantify the mean streamwise (#) and spanwise (w) velocity
components at locations downstream (A) and upstream (B) of the IST. Abbreviations: IST, inviscid-shock
trace; LC, line of coalescence.

displays rapid spatial gradients of both pitch and yaw. This is indicative of its highly skewed, 3D
nature, an initial impression of which is provided in Figure 5b. Furthermore, the postattachment
flow displays substantial crossflow velocities, taking the form of a skewed, wall-jet-like feature.
Representative velocity profiles are displayed at two locations; the downstream profile is taken
from a region where the outer flow is behind the inviscid shock, and the upstream profile is taken
ahead of the shock. These profiles contain generalized inflection points; the compressible resol-
vent technique (Bae et al. 2020), assuming no streamwise or spanwise gradients, displays peaks at
frequencies an order of magnitude below those of the incoming boundary layer. The potential
clearly exists for excitation of additional mechanisms of instability; in this case, both traveling and
stationary crossflow waves (Saric et al. 2003) may be supported. Given the known relationships
between the unsteadiness observed in the flow and the stability properties of the mean flow, sum-
marized above for 2D SBLI, the data suggest the possible presence of mechanisms that may also
have no direct counterpart in 2D SBLI.

As noted above, corresponding nondimensionalized frequencies between 2D and 3D SBLI
do not, by themselves, allow for conclusions regarding whether some elements of the 2D-SBLI
mechanisms described in Section 2 are suppressed, left unaltered, or replaced by entirely new
mechanisms in 3D; rather, the spectral content, which may manifest at different scales, must be
connected to the underlying physical processes. Concerning the prominent postseparation band
in 3D SBLI, Vanstone & Clemens (2019) indicate that frequencies in this band may be associated
with coherent structures in the separated region that form alternating high- and low-velocity
pairs. Their proper orthogonal decomposition modes from PIV data, designated as Group C and
corresponding to frequencies 0.15 < St; < 0.21, indicate the presence of pseudostructures, or
modal features or reconstructions similar to those in the observed velocity field. These are shed
into the separation region and cause ripples in the separation line, traveling with the crossflow.

These characteristics are also prominent in the mid-frequency band of the simulations. Band-
pass filtering analyses of the SF and SCR simulations along the plate as well as fin-parallel (SF)

www.annualreviews.org  Dynamics of 3D SBLI

307



Annu. Rev. Fluid Mech. 2023.55:291-321. Downloaded from www.annualreviews.org
Access provided by 128.115.190.45 on 05/04/23. See copyright for approved use.

or spanwise-normal (SCR) surfaces are presented in Adler & Gaitonde (2020); these provide
additional insights into the nature of the structures associated with these frequencies. Spatiotem-
porally coherent fluctuations are noted to travel with the outer (streamwise) and inner (crossflow)
components of the postseparation shear layers. Being convective, these fluctuations bear some re-
semblance to the shedding frequencies (S#;, ~ 0.5) associated with the postseparation shear layer
of 2D SBLI (Agostini et al. 2012, Aubard et al. 2013). However, a crucial distinction is that the 3D
shear layer is skewed in that it is formed by the two different regimes, as in Figure 55, and displays
strong wall-normal gradients in the spanwise velocity component, as in Figure 7. The constructive
and destructive interactions of pressure fluctuations in the mid-frequency band, resulting from the
two obliquely aligned convection components of the inner and outer shear layers, result in peri-
odic behavior, in which the primarily convective pressure fluctuations alternate between in-phase
and antiphase switching, not unlike the observations of Vanstone & Clemens (2019).

The fully 3D, dynamical systems approach, originally developed for 2D SBLI by Adler &
Gaitonde (2018), was repeated by Adler & Gaitonde (2020) for the 3D SCR using random, im-
pulse forcing of the full state vector, at a location in the upstream boundary layer. In the context of
the traditional theoretical framework and nomenclature as described by Schmid & Henningson
(2012), the approach examines the spatiotemporal characteristics of nonmodal, linear perturba-
tions associated with the maximum gain of the dynamical system due to a specific forcing impulse
occurring at a specific instance of the turbulent flow. The generalized response characteristics
may then be derived from the ensemble of specific statistical responses. In this formulation, for
2D SBLI, the nonmodal, linear perturbations associated with the maximum gain are self sustain-
ing and remain confined to the separation region, indicative of an absolute instability, whereas for
the swept 3D SBLI, the perturbations associated with the maximum gain are convective in na-
ture, indicative of the absence of an absolute instability in the presence of convective instabilities.
Moving from 2D to 3D SBLI, the correlation of this observation with the change in the SBLI
dynamics related to the low-frequency mechanism in 2D interactions suggests that the instability
necessary for enabling the prominent breathing motion of the shock wave in 2D SBLI is absent
(or at least not significant relative to convective growth mechanisms) in strongly swept, 3D SBLI.

The effect of interaction strength has also been systematically examined by Adler & Gaitonde
(2020). Stronger interactions result in larger coherent structures associated with the mid-
frequencies; this is related to the nature of the 3D, separating shear layer, which becomes thicker
and can support larger wavelength instabilities. A representative convective speed of these struc-
tures in the main separated region is 0.3 U, which is quite similar to those speeds in 2D SBLI
(Aubard et al. 2013), and is generally independent of the 3D-interaction strength over the range
explored. Aspects of the near-wall crossflow region, including the speed of convective structures,
however, do depend on interaction strength; stronger interactions are less coherent and affected
more significantly by the outer structures.

In conically symmetric regions, 3D autocorrelation peaks of fluctuations in the mid-frequency
band increase in amplitude and period, which is consistent with the reduction of frequency and
increase in coherence with increasing radial distance from the VCO. Because the flow velocity is
similar at different radial distances, these observations are related to the radially increasing size
and coherence of convecting coherent structures within the shear layers, which are associated with
the mid-frequency band. Integral-scale turbulence in high-frequency bands exhibits amplification
across the separation and attachment shocks, consistent with the shock/turbulence-interaction lit-
erature (Andreopoulos et al. 2000). High-frequency coherence is relatively low compared to the
mid-frequency content, and it is also not very sensitive to the interaction strength or radial coordi-
nate. The results suggest that, while the mid-scale coherent dynamics originate in the interaction
as a result of instabilities of the skewed, postseparation shear layers, with mixed 2D and 3D scales,
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the higher-frequency content represents the amplification of components from turbulence in the
upstream boundary layer, which imposes 2D similarity.

The observation that the primary mid-frequency unsteadiness in conical 3D SBLI is convec-
tive in nature and potentially related to instabilities of the postseparation shear layers naturally
leads to the question of whether it may display properties that are only weakly dependent on the
near-wall flow. Of particular interest are the scaling behavior and other properties that dictate
the dynamics of this frequency band; is there a length scale that facilitates normalization of this
content throughout the 3D interaction that is somewhat analogous to the separation length (L)
in describing the similarity of low-frequency unsteadiness in 2D SBLI? The existence of such a
length scale would simplify the analysis of 3D SBLI. Some clues may be obtained from the 2D-
SBLI literature regarding the mid-frequency component (band III) associated with shear-layer
phenomena, which has not been subject to the same level of scrutiny as the low-frequency band.
The mid-frequency band is detected in stability analyses of laminar and turbulent-mean basic
states. For example, Guiho et al. (2016) connect the scaling for mid-frequencies in a laminar, 2D,
separated basic state to a measure of the boundary-layer displacement thickness. The shear layer
in 2D SBLI occurs in a complex environment that includes the surrounding turbulent boundary
layer, the instabilities resulting from low-frequency forcing, and the reversed flow on the lower
side. Furthermore, entrainment preferentially occurs from the outer flow due to proximity to the
wall on one side.

Nonetheless, recent experiments and high-fidelity simulations suggest that the properties of
classical, free shear layers are recovered, even in this distinctly different local environment, where it
is not obvious that near-wall effects would be negligible. Dupont et al. (2019) revisit the properties
of the shear layers in 2D SBLI, choosing to examine stronger interactions, in which the scales
of the mixing layer are more easily separated from the near-wall turbulence. For SBLI of two
different strengths at Mach 2.3, they find, despite the proximity of the shear layer to the wall,
that the shear layer exhibits similar turbulent shear stresses, spreading rates (if the peculiarities of
the counterflow are properly accounted for), and entrainment velocities as in classical, free shear
layers. In addition to validating earlier approximations (Piponniau et al. 2009), observations on
anisotropy due to the vertical normal stress were leveraged to adapt the classical, dimensional
considerations of Brown & Roshko (1974).

In fact, these commonalities with free shear layers apply over a wide parameter range. Helm
et al. (2021) examine flows from Mach 2.9 to 9.1 with convective Mach numbers between 1 and
2. They confirm the applicability of classical considerations of flow similarity as well as other
aspects, such as the development of rollers and subsequent breakdown to three-dimensionality,
the reduction in spreading rate, and the anisotropy of the flow. This successful contextualization of
complex, 2D-SBLI features in canonical constructs leads to the intriguing possibility that insights
into the convective mid-frequency content of 3D SBLI may be similarly extracted by considering
skewed 3D shear layers that are isolated from the more complex near-wall flow.

3.3. Nonasymptotic Regions: Inceptive and Symmetry-Plane Effects

Although conical symmetry provides a unifying framework for the asymptotic behavior of swept
semi-infinite SBLIL, it does not manifest in all regions of these interactions. In yet other config-
urations, including the BF/CoP and CaP of Figure 1, the primary shock weakens with spanwise
displacement from the centerline, and the behavior at large distances from the shock gener-
ator becomes trivial. Such cases must necessarily be treated on a case-by-case basis because
geometry-dependent scales and orientations become important.

To maintain focus relevant to conical symmetry, we consider two related contexts: inceptive
regions near shock generators and symmetry planes. Several effects disrupt the flow pattern near
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Nonasymptotic effects in regions of inception and symmetry planes. (#) Surface-flow lines for the SF SBLI. Lines emanating from the
VCO (black) best align the surface-flow symmetry in the interior of the interaction. However, lines emanating from the inceptive
conical origin (purple) best align inceptive features, such as the LC near the shock generator, with the inviscid shock. The red line
indicates the infinitesimally thin fin surface. Panel # based on Adler & Gaitonde (2020), with permission. ()) Premultiplied
wall-pressure power spectral density (PPSD) for the SF SBLI as a function of streamwise distance, offset from the fin surface by 0.56.
The blue arrow indicates the separation location. A prominent peak in the spectra at St, ~ 0.05 occurs beneath the shock in the
inceptive region near the fin leading edge; this is reminiscent of 2D scaling. The red lines band the high-frequency range and trace the
peak of the low-frequency range. (¢) Illustration of the complementary patterns of mean-flow streamlines (i) in a diverging symmetry
plane, such as in front of an obstacle on a plate, and (i) in a converging symmetry plane, such as in the double-fin SBLI. Abbreviations:
E, focus; LG, line of coalescence; LD, line of convergence; ', surface saddle point; SBLI, shock-wave/boundary-layer interactions; SE,
sharp fin; St, Strouhal number; VCO, virtual conical origin.
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the leading edges of shock generators. These edges are necessarily blunted to some degree in
practice, resembling the BF in this respect, and a locally curved bow shock arises in this region.
Even sharp leading edges incur viscous/inviscid interactions that influence the rapid growth of the
boundary layer and, consequently, the local shock shape. It is beneficial for purposes of descrip-
tion to augment the VCO, which is relevant to the asymptotic conical behavior, with an inceptive
origin (Adler & Gaitonde 2019) that accounts for deviations near the shock generator and pro-
vides a more quantitatively precise measure of inceptive effects. All of these effects diminish with
increasing radial displacement from the VCO as conical behavior is recovered.

The size of the region where the interaction deviates from the conical regime (L;,.) depends
on the flow parameters and increases with the Mach number normal to the shock (M,) and the
boundary-layer thickness (8) as Lin. ¢ M,8%/* (Settles & Lu 1985). The boundary-layer thickness
can become very large for flight conditions and even for large-scale ground tests; thus, inceptive
behavior may dictate the performance more so than asymptotic behavior in these settings. This
relates to the conjecture that cylindrical-scaling observations in swept SBLI may be the result of
measurements made in inceptive regions due to facility limitations (Settles & Lu 1985, Vanstone
etal. 2018).

A method to obtain the inceptive origin is based on the form of the LC; Figure 82 shows the
result for the strongest SF case of Adler & Gaitonde (2020). Quantitative inceptive determina-
tions based on PIV measurements (Vanstone et al. 2018) indicate that the radial distance required
to reach conical symmetry depends on the variable chosen for examination. Velocity components
of smaller magnitude required longer relaxation lengths than might be estimated from the
surface-flow patterns. The relatively higher speed flow outside the separation zone and the
corresponding imposed pressure achieve conical similarity more rapidly than the streamwise and
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crossflow velocities inside the separation zone. Both viscous and turbulent effects, as measured
by the Reynolds stresses, also relax more slowly (Adler & Gaitonde 2019).

For several reasons, the distinctions between the experiments and the corresponding, high-
fidelity numerical simulations become more important in inceptive regions. Simulations often
consider sharp shock-generator leading edges and omit sidewalls and fences, both of which af-
fect the inceptive-region size, that may be present in the experiments. A related issue concerns
the possibly stronger dependence on Reynolds number in inceptive regions. For 2D SBLI, and
conically asymptotic regions of 3D SBLI, high-fidelity simulations, at notably lower Reynolds
numbers than in corresponding experiments, have proven capable of reproducing the main dy-
namics of interest. This favorable circumstance may not hold in inceptive regions because the
rate of growth of the boundary layer on the shock generator and, hence, the leading-edge shock
shape depend on Reynolds number. A complete characterization of the Reynolds-number
dependence of inceptive effects remains to be achieved.

The region near the leading edge of the shock generator may, in some sense, be considered as
a locally 2D (cylindrical) interaction; particularly for weak interactions (small sweep angle), 3D
interactions may appear to be cylindrically symmetric at small 7. The symmetry plane upstream
of a blunted shock generator, topologically represented by the BF configuration, highlights some
important considerations; results from this region have been profitably employed, as discussed by
Clemens & Narayanaswamy (2014), to examine similarities in unsteadiness between 3D and 2D
(cylindrical) SBLI.

This potential connection between the inceptive region and cylindrical behavior bears fur-
ther scrutiny. The spectral data presented in Figure 6 were based on a numerical model with
a sharp leading edge that does not reproduce the effect of fin bluntness; however, the effects of
boundary-layer growth on the fin surface are included, even if imperfectly. A comparison between
the experiments and simulations of the spectral content very near the shock generator provides
clues as to the dynamic behavior of the inceptive region. Figure 8b displays the premultiplied
wall-pressure PSD very near the leading edge of the fin (z/8 = 0.5), within the inception zone.
Because conical symmetry is not anticipated in this zone, the results are plotted as a function of
streamwise coordinate (x) rather than azimuthal angle (9). Relative to the spectra from the asymp-
totic regions, a more prominent peak of low-frequency content is evident beneath the separation
shock (x/8 ~ 0). The frequency of this peak (St7,, ~ 0.05) based on the Strouhal number asso-
ciated with the local separation length is quite low relative to that in asymptotic regions and is
somewhat comparable to the lowest frequency in 2D interactions on the scale of Sz;,. However,
because the separation of scales between the boundary-layer thickness and the local separation
length is insignificant in this example, the connection between mechanisms can only be specu-
lated; the clear identification of bands of unsteadiness, as in the pattern of the 2D interactions
(Figure 3), remains elusive, and correspondences between a frequency range and a mechanism
may be misleading if the configuration is materially different.

Indeed, any presumed equivalence between such symmetry planes in truly 3D flows with the
equivalent 2D interactions must be evaluated with care, because they are topologically dissim-
ilar (Dallmann 1988). For example, although 0#/0z, 0v/0z, and w are zero in the mean sense
for 3D symmetry planes, 0w/ 0z is nonzero, and the 3D relief effect associated with the spanwise
weakening of the shock wave is absent in 2D SBLI. A possible streamline pattern on the symmetry
plane of a 3D flow upstream of an obstacle is sketched in Figure 8¢,i; comparison with the 2D
analog of Figure 2b shows that the (2D) center is now replaced by a (3D) stable (spiraling inward)
focus, which constitutes the trace of the expected necklace or horseshoe vortex. Fluid in the plane
first approaches the focus and then leaves the symmetry plane from both sides (diverging). In
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contrast to the case for 2D SBLI, the 3D separation streamline does not reattach, even in the
plane of symmetry.

Higher bifurcations are also possible within this construct, just as with 2D SBLI, in which
multiple separation regions may form. For example, the symmetry plane for the CaP exhibits
spanwise relief similar to that of the BF/CoP; for the parameters employed by Zuo et al. (2019),
a pattern with multiple foci is obtained. The symmetry plane of the DF SBLI (Figure 8c,ii)
experiences the opposite of a relief effect as flow approaches the symmetry plane from both
sides (converging); this pattern has been discussed extensively in the literature (Schmisseur &
Gaitonde 2001). Here also, the separating boundary layer does not reattach; rather, the region
underneath is occupied by fluid entering the plane through the unstable (spiraling outward) focus.
The surface-flow streamlines near such symmetry planes are also pertinent to the discussion of
3D SBLI but are not reviewed here.

The DF SBLI, which is of increasing interest in hypersonic applications, may be viewed as a
compound interaction, resulting from the merger of the two quasi-conical interactions, each gen-
erated by one of the opposing fins. Recent efforts (Adler & Gaitonde 2022, Seckin et al. 2022)
have contributed newer techniques to the classical literature (Zheltovodov 2006, Gaitonde 2015).
In this interaction, the behavior near each fin exhibits quasi-conical properties, but new features,
including a pair of streamwise-oriented vortices, arise in the central interaction region (Schmisseur
& Gaitonde 2001). A particularly interesting aspect of the dynamics is the appearance of a band
of lower-frequency unsteadiness that is reminiscent of the separation of frequency scales found
in 2D SBLI, while not necessarily reflective of the same underlying mechanisms; this is discussed
in detail by Adler & Gaitonde (2022). For these interactions, the dependence of nonasymptotic
behavior on Mach and Reynolds numbers has not been adequately characterized; these param-
eters may strongly affect the scaling considerations between ground and flight tests, as well as
correspondences between the former and high-fidelity simulations that tend to consider lower
Reynolds numbers for computational feasibility.

Although the CoP (Lindoérfer et al. 2020) and CaP (Zuo et al. 2019) interactions display trivial
asymptotic behavior, they present unique insights relevant to asymptotically conical interactions.
The CaP presents an interesting circumstance because it represents a possible 3D extension of the
2D impinging-shock configuration that includes relief; specifically, in this case, a 3D impinging
shock of variable strength (due to curvature) impinges on the boundary layer. The results display
neither cylindrical nor conical symmetry; rather, a very intricate, 3D flow structure is observed,
with regions of regular and irregular shock reflections from the plate. On the symmetry plane,
some topological features are common with the BF/CoP, including the above-noted horseshoe
vortex and the associated spanwise pressure gradients; however, the behavior of the boundary
layer on the symmetry plane is different because there is no obstacle on the plate for the CaP.
Here, 2D relationships, such as those based on the Clauser parameter, remain of interest because
of their simplicity, as discussed by Zuo et al. (2019).

4. EMERGENT AND FUTURE WORK IN 3D SBLI
4.1. Complex 3D SBLI and Scaling

This review highlights some recently obtained insights into the significant changes in dynamics
that arise when sweep is introduced into 2D SBLI. The connection between the considerably
more complicated mean-flow structure and the development of a more prominent convective
component to unsteady behavior has become clearer due to the deployment of ever-more-
advanced techniques in experiment, simulation, and theory. An immediate need from a long-term
application-driven perspective is the continued logical progression toward more intricate SBLI

Gaitonde o Adler



Annu. Rev. Fluid Mech. 2023.55:291-321. Downloaded from www.annualreviews.org
Access provided by 128.115.190.45 on 05/04/23. See copyright for approved use.

of interest in practical applications: to build on the incomplete knowledge of the DF and triple-
shock configurations (Garrison et al. 1996), which introduce new types of compounded behavior
in ways that depend more integrally on configuration size and additional geometric parameters.
Efforts to develop scaling laws extrapolating from ground to flight tests are especially opportune.

Stability studies that have provided substantial enlightenment in 2D SBLI (for example,
Nichols et al. 2017) could prove very rewarding in further deconstructing the unsteady environ-
ment of 3D SBLI. These efforts—which could consider classical and more recent approaches, such
as resolvent analysis that is capable of nonmodal assessments—are quite difficult to perform in 3D
because of the daunting computational expense. Nonetheless, the application of these methods to
an isolated region where asymptotic behavior holds may be economical and insightful. A specific
construct is the skewed shear layer that forms after separation. The observation that classical free-
shear-layer theories apply to 2D SBLI despite the complex, turbulent, near-wall environment is
promising, suggesting future directions analogous to those that have provided knowledge on low-
speed, 3D, boundary layers (Lozano-Durén et al. 2020). The mean 2D/3C flow (Larsson et al.
2022) or even linear stability analyses of profiles at different points within the interaction may
also provide a useful starting point.

4.2. Moving-Shock/Boundary-Layer Interactions

The recent increased interest in high-speed propulsion has highlighted the need to better un-
derstand the complex phenomena that occur in inlets and isolators, particularly under conditions
in which large-scale shock motion and associated boundary-layer interactions occur. The pri-
mary episodes of interest are unstart and mode transition. During unstart, the shock train, which
is normally stationary and well established in the duct, propagates upstream, undergoing multi-
ple sequential interactions with the boundary layer and often leading to potentially catastrophic
consequences. The associated phenomena are intimately connected to 3D separation, which is
typically a key initiator that is susceptible to perturbations from different triggering sources. Dur-
ing mode transition, in contrast, the shock system, initially in a ramjet mode, moves downstream
and adopts the state expected for scramjet operation.

The flow in 3D corners is a major consideration; thus, this problem is related to that of confine-
ment, which has been examined extensively to identify the effect of tunnel sidewalls and corners on
measurements of presumptively 2D SBLI (Bermejo-Moreno et al. 2014, Xiang & Babinsky 2019).
Confinement effects may be characterized as relatively well understood at this time; the typical
configuration is a 2D impinging or corner SBLI generator, but with sidewalls. Recent results have
greatly enriched the understanding of the complicated, 3D, separated flow in the corner, includ-
ing manifestations of vortical structures that arise on either side of the symmetry plane (Eagle &
Driscoll 2014), regular/irregular transitions in turbulent experiments (Grossman & Bruce 2018),
and the significant effect of the length of the shock generator, which was recently explored in
laminar computations (Lusher & Sandham 2020). Indeed, a connection may be drawn on some
of these aspects to sidewall interactions in classical, asymmetric DF flows (Gaitonde 2015), which
have analogous dynamics when rotated by 90° about the streamwise axis.

Recent examination of unsteadiness in sidewall interactions has revealed many features that
expand the understanding of the nonasymptotic regions of 3D SBLI discussed in Section 3.3.
For example, the simulations of Deshpande & Poggie (2021) indicate that the separated regions
near the sidewalls on either side of the symmetry plane retain the signature of unsteadiness of
the nominally 2D SBLI that is expected in the center of the channel; the motions of the 3D
sidewall regions are correlated in that they display alternating breathing motion, suggesting a
particular type of coupling between the main SBLI and the corner flows. Because the initiation and
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evolution details of unstart are greatly affected by sidewall and corner interactions, these dynamics
should be further explored to obtain a better fundamental understanding that translates to the
application-driven needs of unstart prediction and avoidance. However, moving-shock/boundary-
layer interactions are fundamentally nonstationary; therefore, the typical techniques employed to
analyze SBLI dynamics must be supplemented to extract the desired knowledge and generate
reduced-order models (ROMs).

4.3. Fluid/Structure Interactions

The amplification of lower frequencies in SBLI relative to those in the undisturbed, upstream
turbulent boundary layer can foster coupled structural responses in compliant panels. A further
complication arises from thermal considerations because SBLI induce significant localized heating
and large wall-temperature gradients. The consequences of aeroelasticity and aerothermoelas-
ticity, including high-cycle material fatigue, vibrations, and failure, can be severe (Dowell 1975,
McNamara & Friedmann 2011). The multidisciplinary nature of this problem, the introduction
of a much wider range of spatiotemporal scales of interest, and the added sensitivity to initial
and boundary conditions amplify the challenges faced by experimental campaigns (Riley et al.
2019, Spottswood et al. 2021) and modeling efforts (Dowell & Hall 2001). Consequently, much
remains unknown regarding the conditions required to initiate coupling and the level of fidelity
appropriate for analysis. This is true even for FSI arising in 2D SBLI, which trigger 3D responses
in size-constrained panels. Significant, recent, nominally 2D SBLI/FSI experiments (Spottswood
etal. 2019, Tan et al. 2019) and computations (Shinde et al. 2019, Boyer et al. 2021) provide some
insights, but the relevance of the results is limited mostly to the specific configurations examined.

FSI accompanying the swept SBLI of focus here, which are relevant to hypersonic vehicles as
discussed by Zuchowski (2012), have been given little attention to date. Even though the Strouhal
numbers observed in swept SBLI tend to be higher than in 2D SBLI, coherent structures grow
with radial distance, and the frequency reduces (Adler & Gaitonde 2020). Because full-size ve-
hicles exhibit much larger length scales, overlapping flow and panel frequencies will result, and
fluid/structure coupling will remain relevant. Swept SBLI introduce additional FSI complications
and must consider an even wider range of panel orientations and placements, in both asymptotic
and inceptive regions that impose different flow scales.

Although 2D SBLI/FSI results may be of limited direct value in extrapolation to 3D, these
campaigns provide guidance to the formulation of a systematic strategy for analyzing FSI associ-
ated with swept SBLI. In particular, a stepping-stone study that considers one-way influence of the
fluid on the structure, and vice versa, in a loosely coupled setting, may constitute a starting point
for more advanced, fully coupled analyses that leverage, to the extent possible, ROMs and other
simplifying choices. Some possibilities are listed below with citations to analogous procedures for
2D SBLI, but with the understanding that the parameter range would include the consideration of
panels with different sizes and orientations relative to the conical or inceptive features of the swept
SBLI, along with an extended parameter range due to the more complex geometric dependence
of the flow scales. The use of piston theory offers a relatively simple approach for initial stud-
ies (Meijer & Dala 2016). A more accurate knowledge of surface-pressure fluctuations in swept
SBLI without FSI, obtained, for example, with pressure-sensitive paint (Mears et al. 2020) or high-
fidelity simulations (Adler & Gaitonde 2020), could offer a higher level of insight, especially if
combined with model-reduction frameworks (Dowell & Hall 2001, Crowell & McNamara 2012).
At the next level, the response of the flow to prescribed static and dynamic deformation (one-way
coupling) may be considered; a recent example of this is the work of Brouwer et al. (2017), who
successfully used RANS to examine the effect of compliance on 2D-SBLI-induced separation.
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Indeed, the known inviscid/rotational structure of swept SBLI (Knight et al. 1987) may facilitate
affordable, 3D, viscous and inviscid analyses, such as those by Visbal (2014) for aeroelastic flutter.

The smaller spatiotemporal scales in the ground-test environment and the reduced Reynolds
numbers associated with high-fidelity simulations introduce difficulties in establishing the
dynamic similitude required to elicit a coupled response. Innovative leveraging of nondimension-
alization techniques and dynamic similarity considerations (Dugundji & Calligeros 1962) may
help guide the formulation of a suitably circumscribed test matrix. Surrogate materials chosen
to trigger a desirable response, rather than for actual use, are a possible solution (Pham et al.
2018). Some recent efforts have introduced oscillating shocks of controlled frequencies to pro-
vide impinging-shock SBLI loads on compliant panels; recent experiments in this vein are reported
by Daub etal. (2015), Neet & Austin (2020), and Vasconcelos et al. (2022), along with high-fidelity
simulations by Pasquariello et al. (2015). An analogous campaign for swept SBLI could oscillate
the fin (for example), which may require innovative configuration design. The transient, possi-
bly decaying response of an initially deformed panel in the presence of a swept SBLI flow could
also facilitate an intermediate understanding, short of the fully coupled interaction. The collec-
tive information obtained from carefully selected problems that isolated different aspects of the
complex FSI could then be used to formulate a fully coupled, grand challenge problem that en-
sured robust, compliant, panel response, similar to that anticipated in flight, through an integrated
experimental/computational campaign.

SBLI-induced aerothermoelastic analyses are predicated on additional considerations that
bring in conjugate heat-transfer considerations due to wall-temperature gradients and heat-
transfer rates; Dolling (2001) highlighted associated difficulties regarding the measurement and
simulation of these phenomena, even without FSI. Recent work in 2D transitional and turbulent
SBLI over a wide range of Mach numbers, without (Sandham et al. 2014, Bernardini et al. 2016,
Fu et al. 2021) and with (Whalen et al. 2020) FSI, again provides a pathway for 3D-SBLI studies,
although the corresponding effort required is daunting.

4.4. Flow Control

Several objectives may be postulated for SBLI control. Perhaps the most common goal to date
has been the reduction of flow separation and distortion prior to combustion for better aircraft
engine performance. Bleed has been a traditionally popular method (see, for example, Harloff &
Smith 1996); however, because bleed incurs penalties in the form of increased drag, weight, and
(for internal flows) some reduction of propulsive mass flow rate, recent efforts utilizing passive
techniques have focused on bumps and vortex generators (VGs). These efforts have also extended
the objectives to include the reduction of unsteadiness. Bruce & Colliss (2015) discussed the
mechanisms by which bumps reduce or eliminate separation in transitional and turbulent 2D
SBLI. Methods to derive optimal bump characteristics have been developed; for example, struc-
turally feasible morphing may be employed with local separation-based sensing (Shinde et al.
2020), and a successful implementation of the method in a complex flowpath has been tested ex-
perimentally (Schiilein et al. 2022). Other noteworthy passive-control efforts involve establishing
recirculation (downstream suction and upstream blowing) employing the pressure differential up-
stream and downstream of the shock (Pasquariello et al. 2014), microramps (Schreyer et al. 2021),
and compliant surfaces (Visbal 2014, Pham et al. 2018, Gomez-Vega et al. 2020), the last of which
also facilitate the examination of SBLI/FSI.

There have been relatively fewer investigations of 3D-SBLI control; however, some recent
appraisals provide a guide for future activity. Both passive and active efforts to date appear to
require that the actuator be placed relatively close to the interaction for effectiveness; results using
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VGs on a fin-on-cylinder, swept SBLI demonstrate this effectively (Pickles & Narayanaswamy
2020). This approach may introduce immense challenges when flow conditions change at off-
design conditions. The localized effect of protuberances was also measured by Padmanabhan et al.
(2020) when exploring the edge effects of swept impinging-shock SBLI. Active-control methods
have similarly revealed the importance of actuator placement location. For example, microjets
(blowing) display better control authority if placed in the inceptive region, as in Mears et al. (2021),
who note that the actuator mass flow rate is the primary determinant of control authority; altering
the frequency of actuation did not provide any notable advantage. These results are consistent with
prior 2D-SBLI efforts of Webb et al. (2013), who saw only modest effects with high-bandwidth
plasma-based actuators.

In general, there is a clear need for new innovative approaches to SBLI control, including for
the more complex 3D interactions. Exploiting the benefits of active control will require a better
understanding of the sensitivity of swept SBLI to small perturbations; such understanding has
aided the design of effective control strategies in lower-ranked systems. The region near the fin
leading edge (the inceptive region) may be the best location for maximizing the global influence
of the control method, because the observed coherent structures sweep in the spanwise direction.
The stability and resolvent-type analyses suggested in Section 4.1 may serve a very useful purpose
in this context; they could be employed to identify optimal actuator placement and properties
(mass, momentum, energy, or relevant combinations), in which a minimal input could provide the
maximum effect. Control strategies that leverage small perturbations to achieve control goals are
the most likely to prove scalable to larger systems.

5. CONCLUSION

The breakdown of spanwise homogeneity in (2D) shock-wave/boundary-layer interactions can
occur in many different ways, resulting in a multitude of possible 3D interactions; a clearer under-
standing of the principles that underlie the dynamics of these 3D SBLI is required. Recent efforts
that have focused on unique aspects of these interactions, substantially adding to the body of clas-
sical literature, are reviewed above. Although a very diverse set of geometric configurations for 3D
interactions are of interest from an application-driven perspective, a necessary degree of unifica-
tion of description is facilitated by considering interactions with conically asymptotic behavior,
namely swept, semi-infinite interactions; configuration-dependent deviations from asymptotic
behavior may then be included to complete each description. For strongly swept, asymptotic in-
teractions, recent efforts, leveraging new diagnostics and simulation capabilities, have identified
key distinctions of their dynamic properties relative to analogous 2D interactions. The lower-
frequency unsteadiness of conical interactions exhibits a relatively more significant convective
character that is associated with phenomena of separated shear layers, whereas the unsteadiness
associated with interaction breathing is relatively muted. These observations are related to differ-
ences in the properties of the mean flow, in which conical interactions exhibit a spatially dependent
mixture of 2D and 3D shear-layer length scales, which are reflected in the resulting frequency
content. The stability properties of 2D SBLI have recently been further clarified, providing a
framework for analogous analyses of 3D SBLI; the comparatively more convective nature of 3D
SBLI is also manifest in the character of the dominant instability. The change in dynamic behavior
near a shock generator, within inceptive regions, or in the vicinity of symmetry planes is also in-
structive; however, care must be exercised when associating 2D character with such regions. This
review leverages these and other recent observations to identify several potentially consequential
next steps in 3D-SBLI research that combine fundamental aspects with increasingly imperative
practical motivations.
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