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SUMMARY

Shock-wave/turbulent boundary-layer interaction (STBLI) is a ubiquitous phenomenon
in high-speed aerodynamic applications, such as rocket nozzles, engine inlets, airplane
wings and control surfaces. The interaction between a shock wave and a turbulent
boundary layer often leads to flow separation, severe wall-pressure fluctuations, and
unsteady thermal loads, which can significantly degrade aerodynamic performance and
structural integrity. Mitigating these adverse effects remains a long-standing challenge in
compressible flow research. While numerous active and passive control strategies have
been proposed, many of them suffer from practical limitations, including high energy
consumption, geometric complexity, or strong sensitivity to installation location.

This dissertation investigates the potential of spanwise-heterogeneous roughness as a
purely passive control strategy for STBLI, with a particular focus on convergent-divergent
riblets and streamwise-homogeneous ridge-type roughness. Using wall-resolved large-
eddy simulations combined with an immersed boundary method, a Mach 2.0 impinging
shock-wave/turbulent boundary-layer interaction is systematically studied over smooth
and rough walls. The numerical framework enables a detailed analysis of both the mean
flow and unsteady characteristics of the interaction, as well as the underlying physical
mechanisms governing roughness-induced flow modification.

The first part of the study examines the control effects of convergent-divergent riblet
patches. It is shown that the riblets induce organized secondary flows in the form of
counter-rotating streamwise vortices, which significantly modify the incoming turbulent
boundary layer prior to the interaction. These secondary flows lead to a spanwise redistri-
bution of momentum, resulting in a corrugated separation topology and an attenuation of
wall-pressure fluctuations near the separation shock foot, while simultaneously causing
an upstream shift of the interaction onset and an enlargement of the interaction and
separation regions. Owing to the localized nature of the induced vortices, whose influence
is expected to decay in the streamwise direction, the overall control authority remains
inherently limited, while an additional pressure-drag penalty is inevitably introduced.

Motivated by these limitations, the second part of the dissertation focuses on
streamwise-homogeneous ridge-type roughness, which offers greater robustness and
reduced sensitivity to installation location. The results demonstrate that ridge-type
roughness induces Prandtl’s secondary flows of the second kind, leading to systematic
modifications of the upstream turbulent boundary layer. When the ridge spacing is
comparable to the boundary-layer thickness, strong downwash motions locally energize
the turbulent boundary layer, thereby suppressing flow separation while simultaneously
increasing wall-pressure fluctuations. For smaller ridge spacings, a pronounced subsonic
region forms within the incoming boundary layer, resulting in a less-full velocity profile.
This modification weakens the streamwise wall-pressure gradient and smears the separa-
tion shock foot, leading to a substantial attenuation of wall-pressure fluctuations over a
broad frequency range, albeit at the cost of an enlarged separation region. Parametric
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studies further reveal that increasing the ridge height amplifies the attenuation of wall-
pressure fluctuations by enhancing the roughness-induced modification of the upstream
boundary layer.

Finally, the influence of Reynolds number on the control performance is examined.
The results show that wall-pressure fluctuations near the separation shock foot comprise
a low-frequency component associated with shock motion and a high-frequency com-
ponent associated with shear-layer turbulence, with their relative contributions strongly
dependent on the Reynolds number. At low Reynolds numbers, the high-frequency com-
ponent dominates, whereas at higher Reynolds numbers the low-frequency component
becomes prevalent. In this high-Reynolds-number regime, where low-frequency shock un-
steadiness governs the interaction dynamics, ridge-type roughness remains effective and
yields an even stronger attenuation, with peak wall-pressure fluctuations reduced by up
to 27%. Spectral analysis and cross-correlation studies support a downstream-influence
mechanism for the low-frequency unsteadiness, while dynamic mode decomposition
reveals the presence of large-scale Gortler-like vortices downstream of the interaction
region.

Overall, this dissertation demonstrates that spanwise-heterogeneous roughness, if
properly designed, can serve as a robust and practical passive control strategy for mitigat-
ing STBLI unsteadiness in high-speed flows, albeit at the cost of a moderate increase in
skin-friction drag. The findings provide new physical insights into the interplay between
roughness-induced secondary flows, Reynolds number effects, and low-frequency STBLI
dynamics, and offer guidance for the design of roughness-based flow control concepts in
future high-speed aerodynamic applications.



SAMENVATTING

Schokgolf-turbulente grenslaaginteractie (STBLI) is een wijdverbreid fenomeen in ho-
gesnelheidsaerodynamische toepassingen, zoals raketnozzles, motorinlaten, vliegtuig-
vleugels en stuurvlakken. De interactie tussen een schokgolf en een turbulente grenslaag
leidt vaak tot stromingsafscheiding, sterke wanddrukfluctuaties en onstationaire thermi-
sche belastingen, die de aerodynamische prestaties en structurele integriteit aanzienlijk
kunnen aantasten. Het verminderen van deze nadelige effecten vormt al lange tijd een
uitdaging binnen het onderzoek naar samendrukbare stromingen. Hoewel talrijke ac-
tieve en passieve regelstrategieén zijn voorgesteld, kampen veel daarvan met praktische
beperkingen, zoals een hoog energieverbruik, geometrische complexiteit of een sterke
gevoeligheid voor de installatielocatie.

In dit proefschrift wordt het potentieel van spanwijdte-heterogene ruwheid onder-
zocht als een zuiver passieve regelstrategie voor STBLI, met bijzondere aandacht voor
convergent-divergent riblets en streamwise-homogene ridge-type ruwheid. Met behulp
van wand-opgeloste large-eddy-simulaties, gecombineerd met een immersed-boundary-
methode, wordt een Mach 2.0 impingende schokgolf-turbulente grenslaaginteractie
systematisch bestudeerd boven zowel gladde als ruwe wanden. Dit numerieke raamwerk
maakt een gedetailleerde analyse mogelijk van zowel de gemiddelde stroming als de
onstationaire interactiekenmerken, evenals van de onderliggende fysische mechanismen
die door ruwheid geinduceerde stromingsmodificaties bepalen.

Het eerste deel van de studie richt zich op de regelwerking van convergent-divergent-
ribletpatches. Aangetoond wordt dat deze riblets georganiseerde secundaire stromingen
opwekken in de vorm van tegenroterende wervels in stroomrichting, die de inkomende
turbulente grenslaag aanzienlijk modificeren v6ér de interactie. Deze secundaire stro-
mingen leiden tot een spanwijdteherverdeling van impuls, wat resulteert in een gegolfde
afscheidingstopologie en een afname van de wanddrukfluctuaties nabij de voet van de
afscheidingsschok. Tegelijkertijd gaat deze modificatie van de grenslaag gepaard met
een stroomopwaartse verschuiving van het begin van de interactie en een vergroting
van zowel het interactie- als het afscheidingsgebied. Vanwege het lokale karakter van
de geinduceerde wervels, waarvan de invloed naar verwachting snel in stroomrichting
afneemt, blijft de algehele regelcapaciteit inherent beperkt, terwijl onvermijdelijk een
extra drukweerstandsbijdrage wordt geintroduceerd.

Gemotiveerd door deze beperkingen richt het tweede deel van het proefschrift zich
op stroomrichting-homogene ruwheid van het ridge-type, die een grotere robuustheid en
een verminderde gevoeligheid voor de installatielocatie biedt. De resultaten tonen aan
dat ridge-type ruwheid Prandtls secundaire stromingen van de tweede soort induceert,
wat leidt tot systematische modificaties van de inkomende turbulente grenslaag. Wanneer
de afstand tussen de ribbels vergelijkbaar is met de dikte van de grenslaag, zorgen sterke
neerwaartse stromingsbewegingen lokaal voor energisering van de turbulente grenslaag,
waardoor stromingsafscheiding wordt onderdrukt, maar tegelijkertijd de wanddrukfluc-

xvii
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tuaties toenemen. Bij kleinere ribbelafstanden vormt zich daarentegen een uitgesproken
subsonisch gebied binnen de inkomende grenslaag, wat resulteert in een minder volle
snelheidsprofielvorm. Deze modificatie verzwakt de stromingsrichting-gebonden wand-
drukgradiént en vervaagt de voet van de afscheidingsschok, wat leidt tot een aanzienlijke
afname van wanddrukfluctuaties over een breed frequentiebereik, zij het ten koste van
een vergroot afscheidingsgebied. Parametrische studies tonen bovendien aan dat een
grotere ribbelhoogte deze dempingswerking van de wanddrukfluctuaties versterkt door
de door ruwheid geinduceerde modificatie van de inkomende grenslaag te intensiveren.

Ten slotte wordt de invloed van het Reynoldsgetal op de regelprestatie onderzocht.
De resultaten laten zien dat wanddrukfluctuaties nabij de voet van de afscheidingsschok
bestaan uit een laagfrequente component die samenhangt met schokbewegingen en
een hoogfrequente component die wordt geassocieerd met turbulentie in de schuiflaag,
waarbij hun relatieve bijdragen sterk athankelijk zijn van het Reynoldsgetal. Bij lage
Reynoldsgetallen domineert de hoogfrequente component, terwijl bij hogere Reynoldsge-
tallen de laagfrequente component overheersend wordt. In dit hoge-Reynoldsgetalregime,
waarin laagfrequente schokonstabiliteit de interactiedynamica bepaalt, blijft ridge-type
ruwheid effectief en resulteert zij in een nog sterkere demping, met een reductie van de
maximale wanddrukfluctuaties tot 27%. Spectrale analyses en kruis-correlatiestudies
ondersteunen een stroomafwaarts-invloedmechanisme voor de laagfrequente onstand-
vastigheid, terwijl dynamische-modedecompositie de aanwezigheid onthult van groot-
schalige, Gortler-achtige wervels stroomafwaarts van het interactiegebied.

Samenvattend toont dit proefschrift aan dat spanwijdte-heterogene ruwheid, mits
zorgvuldig ontworpen, kan dienen als een robuuste en praktisch toepasbare passieve
regelstrategie om STBLI-onstandvastigheid in hogesnelheidsstromingen te verminderen,
zij het tegen de prijs van een matige toename van de wrijvingsweerstand. De bevindingen
verschaffen nieuwe fysische inzichten in de wisselwerking tussen door ruwheid geindu-
ceerde secundaire stromingen, Reynoldsgetaleffecten en laagfrequente STBLI-dynamica,
en bieden richtlijnen voor het ontwerp van ruwheidsgebaseerde stromingsregelconcepten
in toekomstige hogesnelheidsaerodynamische toepassingen.
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2 1. INTRODUCTION

1.1. HISTORICAL BACKGROUND

On October 5 (1947), I made my sixth powered flight and experienced shock-
wave buffeting for the first time when I reached 0.86 Mach. It felt like I was
driving on bad shock absorbers over uneven paving stones. The right wing
suddenly got heavy and began to drop, and when I tried to correct it, my
controls were sluggish.

These reflections were later captured in the autobiography of Yeager, the first pilot to
successfully break the sound barrier (Yeager and Janos, 1985), see Figure 1.1(a). The test
aircraft he piloted was the Bell X-1, as shown in Figure 1.1(b), a rocket engine-powered
aircraft with a distinctive bullet-shaped fuselage and unswept thin wings tailored for
the challenges of high-speed flight. Although the X-1 itself did not employ swept wings,
earlier aircraft such as the Messerschmitt Me 163 and Me 262 had already incorporated
swept-wing configurations that were better suited to transonic flight.

The problems Yeager described in that test flight — buffeting, wing rock, and wing
drop — were all fundamentally linked to separation induced by shock-wave/turbulent
boundary-layer interactions (STBLI). As the aircraft approaches the speed of sound,
portions of the flow over the airfoil become locally supersonic and are terminated by a
normal shock wave, as illustrated in Figure 1.2. The strong adverse pressure gradient at
the shock foot causes the incoming boundary layer to separate from the airfoil surface.
If a control surface, such as the elevator, was immersed in this separated region, its
effectiveness would be greatly diminished or entirely lost.

NACA addressed this problem by mounting the elevator on an all-moving horizontal
tail, which provided reliable pitch control throughout the transonic regime. With this
configuration, Yeager successfully reached a speed of approximately Mach 1.06 in level
flight—the first controlled, sustained supersonic flight in history. After engine burnout,
the aircraft glided to a safe landing on a dry lakebed in the Mojave Desert of California.
Most subsequent supersonic aircraft adopted either an all-moving tailplane or tailless
delta-wing configuration to avoid the severe adverse effects associated with STBLI (Pisano
etal., 2006).

(@) )

QAMORO Y
Oz UENNIS, S

w O

Figure 1.1: (a) Chuck Yeager stands in front of the Bell X-1, named (after his wife) Glamorous Glennis. Courtesy
of U.S. Air Force. (b) Bell X-1, the first aircraft that broke the sound barrier in level flight in 1947. Courtesy of
NASA.
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oscillating shock wave

locally supersonic flow

flow separation

259

elevator

Figure 1.2: A schematic of the flow field over a transonic airfoil.

Today, supersonic flight appears almost routine. Half a century ago, the Concorde
regularly carried passengers across the Atlantic at Mach 2, while aircraft such as the SR-71
Blackbird routinely cruised at speeds exceeding Mach 3. Yet these modern achievements
do not imply that STBLI has become a solved problem.

Although we have long surpassed the “sound barrier”, the fundamental physics that
governs high-speed flows remains profoundly challenging. In particular, the interaction
between shock-waves and turbulent boundary-layers represents one of the most compli-
cated and influential phenomena in this regime (Clemens and Narayanaswamy, 2014).
These interactions are not merely academic curiosities but arise ubiquitously in practical
high-speed configurations. In supersonic and hypersonic inlets, for example, impinging
shocks and compression ramps are deliberately employed to decelerate and compress
the incoming flow, inevitably generating strong shock wave/turbulent boundary-layer
interactions. The resulting shock-induced separation, high-amplitude pressure fluctu-
ation, and intense localized heating continue to dictate the performance, stability, and
thermal protection requirements of supersonic and hypersonic vehicles. A representative
example is the NASA X-43A scramjet-powered vehicle, in which multiple compression
ramps ahead of the inlet generate a train of strong shocks that interact with the turbulent
boundary layer on the forebody and inside the inlet, as shown in Figure 1.3. Despite
extensive experimental and numerical efforts, managing these interactions remains a
critical design challenge for hypersonic vehicles. Predicting—or even controlling—those
detrimental effects is still one of the central problems in high-speed aerodynamics.

Impinging shock interaction

Airflow

Vehicle bow-shock Combustion

Compression-ramp shock interaction

Figure 1.3: Schematic of the shock system related to the scramjet engine of NASA X-43A. The upper right image
is adapted from NASA.




4 1. INTRODUCTION

1.2. SHOCK-WAVE/TURBULENT BOUNDARY-LAYER INTERACTION

Before discussing the complexity of shock-wave/turbulent boundary-layer interaction,
it is useful to first review the two fundamental components involved: shock wave and
turbulent boundary layer (TBL). A clear understanding of these elements provides the
necessary basis for examining the coupled phenomena observed in high-speed flows.

A shock wave is a discontinuity in a medium, marked by abrupt and irreversible
changes in its state properties (Anderson, 2003). Shock waves arise fundamentally be-
cause pressure disturbances propagate at a finite speed—the local speed of sound. When
a body moves subsonically, these disturbances travel upstream and allow the fluid to
adjust smoothly. But if the body exceeds the speed of sound, the disturbances cannot
outrun it and fail to inform the upstream flow. As a result, the compression generated by
the body accumulates and collapses into a thin surface across which pressure, density,
and velocity change abruptly. This accumulated discontinuity is the shock wave.

Shock waves occur frequently in both natural and engineering environments. Natu-
rally, they are generated by phenomena such as lightning, earthquakes, volcanic eruptions,
and meteorite impacts. On an even larger scale, a planetary bow shock also forms when
Earth’s magnetic field obstructs the supersonic flow of solar wind plasma (Ben-Dor et al.,
2000). Human activity generates shock waves in many ways as well: through nuclear and
chemical explosions, the sonic boom produced by supersonic aircraft and fast-moving
projectiles, and bow shock structures enveloping reentry vehicles. Shock waves are char-
acterized by an extremely small thickness, typically on the order of a few molecular mean
free paths. Across this narrow region, the pressure, density, temperature, and entropy in-
crease sharply, whereas the Mach number, flow velocity, and total pressure decrease. The
process is adiabatic in the sense that no heat is exchanged with the surroundings; however,
itis highly dissipative, leading to an irreversible rise in entropy. The total enthalpy remains
constant across the shock. The upstream and downstream states are linked through the
conservation laws of mass, momentum, and energy, commonly expressed by the Rank-
ine-Hugoniot relations (Anderson, 2017). Shock waves arise in aerospace flows whenever
the local Mach number exceeds unity and the flow must undergo a sudden adjustment in
pressure, direction, or area. In practice, they may appear throughout high-speed vehicles
in a wide variety of configurations in external and internal aerodynamics:

* External aerodynamics, such as the leading edges/nose tips, backward/forward
facing steps, expansion/compression over transonic airfoil, and the surface of
reentry vehicles.

* Internal aerodynamics, such as engine inlets, nozzles, and the flow passage of
compressors/turbines.

The concept of boundary layer originates from Ludwig Prandtl’s seminal work in
1904. He proposed that, in high Reynolds number flows, viscous effects are confined to a
thin region adjacent to the wall surface, while the outer flow can be treated as inviscid
(Schlichting and Gersten, 2016). The flow within this region may be either laminar or
turbulent. However, in most aerospace applications, the boundary layer is turbulent, mak-
ing shock-wave/turbulent boundary-layer interaction (STBLI) the primary focus in both
research and engineering practice. The structure of the incoming turbulent boundary
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Figure 1.4: X-15 in flight (courtesy of NASA) and the ventral stabilizer after Flight 2-53-97. The pylon sustained
severe damage due to the excessively high impingement and interference heating during the test (Watts, 1968).

layer—including its coherent motions and subsonic layer thickness—has a profound in-
fluence on the dynamics and characteristics of STBLI (Delery, 1985; Ganapathisubramani
etal., 2009).

When a shock wave interacts with an incoming turbulent boundary layer—whether
the shock is externally imposed, such as an impinging shock, or generated by surface
curvature or flow turning—the strong adverse pressure gradient at the shock foot can
readily separate the attached boundary layer, giving rise to a range of detrimental effects
(Delery, 1985; Dolling, 2001). The primary physical consequences include increased
wave drag (Babinsky and Ogawa, 2008; Nagamatsu and Ficarra, 1985), substantial total-
pressure losses (Smith et al., 2002; Smith et al., 2003), and amplified unsteady pressure
(Dolling and Murphy, 1983; Pasquariello et al., 2017) and heat loads (Schiilein, 2006;
Gaitonde, 2015; Fu et al., 2021) on the surface. These physical mechanisms, in turn, lead
to several critical engineering challenges, such as reduced aerodynamic efficiency, failure
of structural integrity, loss of control authority, inlet instability or unstart in air-breathing
propulsion systems, and significant side loads in over-expanded rocket engines.

A striking historical example of the severe engineering consequences that can arise
when STBLI is not properly accounted for occurred during the X-15 hypersonic research
program in the early 1960s (Watts, 1968; Jenkins, 2007). The X-15, powered by a rocket
engine, was designed to explore the feasibility and challenges of piloted hypersonic flight.
For a series of tests at Mach numbers between 4 and 7, a dummy ramjet engine was
mounted beneath the aircraft to evaluate high-speed carriage loads. During one of the
first high-Mach flights, the ramjet detached during landing. Post-flight investigations
(Watts, 1968) revealed that the leading edge and side surfaces of the pylon connecting the
fuselage and the dummy ramjet engine were severely burned and structurally damaged,
ultimately resulting in the loss of the ramjet assembly, as shown in Figure 1.4. In addition,
in the vicinity of the pylon—fuselage junction, the ablative material was completely eroded,
exposing the underlying skin, which became significantly deformed and approached
structural failure.

The burn-through of the pylon is primarily attributed to a shock-shock interaction oc-
curring ahead of the pylon. Specifically, the bow shock generated by the pylon intersected
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Figure 1.5: Schematic of canonical two-dimensional STBLI configurations. Adapted from Sabnis and Babinsky
(2023) and Hu (2020).

with an incident shock originating from the leading edge of the ramjet cowling, forming
an Edney Type IV interaction (Edney, 1967; Carl et al., 1998). This type of interaction is
characterized by the formation of a supersonic jet that impinges on the surface, leading
to an extreme local amplification of heat flux—with an order of magnitude higher than
the undisturbed level—which ultimately caused the thermal failure and burn-through of
the pylon.

STBLI also played a non-negligible role in the overall flow physics. The compression
corner at the ramjet cowling generates a separation shock, which interacts with the up-
stream shock system. The inherent unsteadiness of STBLI introduces unsteadiness into
the entire shock system, leading to significant fluctuations in the aerodynamic loading
at the pylon leading edge. Such load fluctuations may contribute to structural high-
temperature fatigue and exacerbate material degradation (Clemens, 2022). Furthermore,
severe damage was observed near the pylon-fuselage junction, where the ablative layer
was completely removed. This is attributed to interference heating caused by the interac-
tion between the shock associated with the pylon leading edge and the fuselage boundary
layer (Watts, 1968). In this interference region, the local heat-transfer rate increased by
approximately a factor of 7 compared to the undisturbed boundary layer (Burbank, 1962),
posing a significant threat to the structural integrity of the vehicle.

This incident highlights a critical lesson: in supersonic and hypersonic vehicles,
STBLI must be carefully considered in design, as they often dictate the limiting thermal,
structural, and aerodynamic constraints of the entire system.

Although many STBLI encountered in practical engineering applications are intrinsi-
cally three-dimensional, such as (double-) sharp fins, swept compression ramp, blunt
fin, and (semi-) cone (Gaitonde and Adler, 2023; Sabnis and Babinsky, 2023). Canoni-
cal two-dimensional STBLI configurations remain the most widely studied in terms of
their flow structures, unsteady dynamics, because they provide the fundamental under-
standing and reference data that guide guide flow control strategies in more complex
three-dimensional STBLI cases. The most canonical two-dimensional configurations
can be abstracted into the following simplified cases, see Figure 1.5: (1) normal shock,
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Figure 1.6: Numerical schlieren image of impinging shock interaction at Mach 2.0 and Re; = 355 at the inviscid
impingement point.

(2) oblique impinging shock, (3) compression ramp, (4) forward and backward facing
steps (Sabnis and Babinsky, 2023; Hu, 2020). Among these canonical configurations, the
impinging-shock interaction is one of the most common flow arrangements and is of
particular interest in the present study. All passive control strategies investigated here are
based on this type of interaction.

The general topology of a strong impinging shock interaction is shown in Figure 1.6.
When the incident shock impinges on the wall, it imposes a strong adverse pressure
gradient on the turbulent boundary layer (TBL). The low-momentum fluid near the wall
lacks sufficient kinetic energy to overcome this gradient and therefore separates. Pressure
disturbances generated by the impinging shock propagate upstream through the sub-
sonic portion of the TBL. The resulting reverse-flow blocks the oncoming boundary-layer
fluid and deflects it away from the wall, forming a “viscous bump”. Compression waves
generated ahead of this deflection coalesce into the so-called separation, or reflected,
shock (Delery, 1985). This shock intersects the incident shock, which is itself reflected
from the separation bubble as an expansion fan. Downstream of the bubble apex, the
flow turns back toward the wall and reattaches, producing additional compression waves
that may merge into a reattachment shock if they are sufficiently strong. Throughout
the interaction, the TBL downstream of the interaction region becomes significantly
thickened, and its turbulence is markedly amplified before progressively returning toward
an equilibrium state (Pasquariello, 2018; Pirozzoli and Grasso, 2006).

1.3. LOW-FREQUENCY UNSTEADINESS

The unsteadiness associated with STBLI spans a broad range of frequencies, from the high-
frequency turbulent fluctuations of the incoming boundary layer down to low-frequency
shock motions that are one to two orders of magnitude lower (Delery, 1985). The low-
frequency, large-scale motions have received particular attention over the past several
decades, owing both to their significant implications for engineering applications and
to the absence of a definitive physical explanation for their origin (Dolling and Murphy,
1983; Pirozzoli and Grasso, 2006; Dupont et al., 2006; Wu and Martin, 2008; Touber and
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Figure 1.7: Sketch of the time variation of the pressure at different streamwise locations of the separated region
in a Mach 3 forward-facing step flow (Adapted from Kistler (1964)).

Sandham, 2009; Pasquariello et al., 2017).

The low-frequency, large-scale motions primarily correspond to the expansion and
contraction of the reverse-flow bubble, as well as the back-and-forth oscillation of the
separation shock. Kistler (1964) was the first to report the pressure fluctuations near the
shock foot in a supersonic forward-facing-step flow, where he identified a distinct low-
frequency intermittent behavior in the pressure signal, see Figure 1.7. This behavior was
explained by noting that, at any given instant, the wall-pressure distribution resembles a
step function: a lower pressure upstream of the separation point and a higher pressure
within the separated region. If this pressure jump is not stationary but instead wanders
within a finite streamwise range, then the pressure recorded at any fixed location in
this range naturally exhibits the intermittent features observed in the measurements.
Dolling and Murphy (1983) also observed similar low-frequency intermittent pressure
fluctuations near the shock foot in a Mach 3 compression ramp interaction case. Gonsalez
and Dolling (1993) have found the mean velocity of the shock foot is essentially the same
for upstream or downstream sweeps, and the velocity magnitude is usually around 2% to
4% of u regardless of the geometry or flow separation scale.

Considerable research effort has been put into the mechanism that drives this low-
frequency motion. Generally speaking, previous interpretations of its origin can be
grouped into two categories: upstream-driven mechanisms and downstream-driven
mechanisms, although several new perspectives have emerged in recent years. An ex-
tensive summary was provided in a review paper from Clemens and Narayanaswamy
(2014).

Upstream mechanism

Upstream mechnism relates the shock foot unsteadiness to the fluctuation within the
upstream boundary layer. Plotkin (1975) proposed a mathematical model that shows that
low-frequency motion can result from high-frequency forcing in analogy to a random-
walk process. Touber and Sandham (2011) showed that the low-frequency motions
in reflected STBLI arise intrinsically from the shock-boundary-layer coupling, which
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behaves as a first-order low-pass filter. Their stochastic model, validated against LES,
reproduces the observed broadband low-frequency response even under white-noise
forcing, indicating that no specific upstream structures are needed.

Andreopoulos and Muck (1987) related the bursting events inside the incoming TBL
with the shock unsteadiness by measuring wall-pressure under a Mach 3 compression
ramp interaction. Furthermore, Erengil (1993) investigated a Mach 5 compression-ramp
interaction and measured wall-pressure beneath the intermittent region. They found
a clear correlation between the shock-foot velocity and upstream boundary-layer pres-
sure fluctuations, as well as between the pressure beneath the separated flow and that
beneath the intermittent region in swept-ramp configurations. These observations led
them to conclude that the high-frequency, small-scale jitter of the shock is driven by
upstream boundary-layer turbulence, whereas the low-frequency, large-scale shock mo-
tions are induced by the pulsations of the separation bubble. Uenalmis and Dolling
(1994) proposed that a low-frequency thickening/thinning of the TBL may be linked to
upstream/downstream motions of the shock. This proposition was later confirmed by
Beresh et al. (2002) and Hou (2003), who used particle image velocimetry (PIV) to measure
the upstream turbulent boundary layer while simultaneously acquiring wall-pressure
data beneath the intermittent region. Their results showed that an instantaneously fuller
velocity profile corresponds to a downstream shock motion, and vice versa.

Ganapathisubramani et al. (2006) used wide-field PIV measurements at wall-normal
locations of 0.16 and 0.45 boundary layer thickness to identify elongated low- and high-
speed regions (superstructures) in the upstream turbulent boundary layer of a Mach 2
compression-ramp interaction. They attributed the observed low-frequency unsteadi-
ness to a combination of local effects associated with these superstructures and a global
influence linked to the very-low-frequency motion of the spanwise-averaged surrogate
separation line (Ganapathisubramani et al., 2009). Three-dimensional tomographic PIV
measurements by Humble et al. (2009) further confirmed the presence of these streaky
low- and high-speed structures. Their results also revealed a correlation between up-
stream velocity fluctuations and the surrogate separation location, aligned with Ganap-
athisubramani et al. (2007) and Wu and Martin (2008). Based on these observations, they
proposed that the spanwise wrinkling of the separated flow is driven by the spanwise or-
ganization of the incoming structures, whereas the streamwise shock motion is governed
by the bulk momentum of the incoming flow.

Downstream mechanism

Downstream mechanism attributes the low-frequency unsteadiness to the intrinsic
dynamics of the separation bubble itself. Erengil and Dolling (1991) were the first to
show that the shock motion is strongly correlated with the ensemble-averaged pressure
histories under the separated shear layer, from the results of a Mach 5 compression ramp
experiment; however, they did not establish a definitive temporal sequence between the
two. Brusniak and Dolling (1994) showed that the unsteady shock motion in blunt-fin
interactions is governed by a global, time-varying pressure distribution generated by the
separated flow. In particular, they demonstrated that low-frequency pressure variations
within the separation bubble precede and thereby drive changes in the direction of the
separation shock foot, rather than responding to the shock motion. Thomas et al. (1994)
demonstrated that the large-scale, low-frequency unsteadiness of a compression-ramp
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shock is dominated not by upstream burst-sweep events but by the intrinsic “breathing”
motion of the downstream separation bubble. Their phase-resolved pressure measure-
ments show that fluctuations near the reattachment point lead—and thus drive—the
opposite-direction motion of the shock foot, establishing the separation bubble as the
first-order source of shock oscillation. Dupont et al. (2006) used high-frequency wall-
pressure measurements to characterize the space-time organization of a Mach 2.3 shock-
induced separated boundary layer. They showed that the reflected shock undergoes
very-low frequency motions (St = 0.03), and that equally low-frequency fluctuations arise
within the downstream separated bubble, demonstrating that the shock unsteadiness is
tightly coupled to the large-scale dynamics of the separation bubble.

Pirozzoli and Grasso (2006), based on DNS of a Mach 2.25 impinging-shock inter-
action, proposed an acoustic-feedback mechanism in which acoustic waves generated
by the interaction between coherent structures within the separation bubble and the
incident shock propagate upstream and drive oscillations of the separation point. Later,
Touber and Sandham (2009) confirmed this feedback-loop mechanism in a LES study of
impinging shock interaction. They also demonstrated that upstream superstructures can-
not be the driving mechanism for low-frequency shock unsteadiness, as the characteristic
low-frequency motion persists even in LES where such structures are explicitly excluded
by using a digital filter to generate inflow that prevents the development of large-scale
upstream motions. Piponniau et al. (2009), as well as Wu and Martin (2008), proposed
an entrainment/recharge mechanism, which assumed that the shear layer entrains the
low-momentum fluid inside the separation bubble and hence depletes its mass, and
that large-scale transverse motion of the shear layer near the mean attachment point
recharges the bubble.

Morgan et al. (2013) show that while upstream superstructures can influence the
instantaneous separation behavior, the dominant low-frequency unsteadiness arises
primarily from the dynamics of the separated flow itself rather than being imposed by up-
stream structures. Grilli et al. (2012) and Pasquariello et al. (2017) applied dynamic mode
decomposition (DMD) to investigate the dynamics of shock-induced separation bubbles
in strong STBLI over a compression-expansion ramp and a planar wall, respectively, at
Mach 3. In both studies, the low-frequency modes associated with the streamwise motion
of the separation shock simultaneously captured the full breathing of the separation
bubble, while showing little to no activity in the incoming boundary layer. They conclude
that these results strongly support the intrinsic entrainment/recharge mechanism from
Piponniau et al. (2009). Pasquariello et al. (2017) reported a clear coupling between
separation-bubble dynamics and unsteady Gortler-like vortices. They argued that these
vortices drive entrainment and may provide a persistent source of coherent forcing for the
separation-shock system, originating near the reattachment line. Laguarda and Hickel
(2024b) observed a clear suppression of low-frequency characteristics in a simulation
where a shock-induced turbulent recirculation bubble forms over a backward-facing step
designed to intercept the dynamic feedback, thereby providing strong support for the
downstream feedback mechanism.

Recent views

As pointed out by Souverein et al. (2010), a growing consensus is that both upstream
and downstream mechanisms contribute to the low-frequency unsteadiness in STBLI.
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Which mechanism dominates depends on the interaction intensity: strong interac-
tions are primarily driven by downstream instabilities, whereas weaker interactions are
more strongly influenced by fluctuations in the incoming boundary layer (Clemens and
Narayanaswamy, 2014). Some researchers have observed streamwise-elongated Gortler
vortices undergoing slow motions with frequencies similar to that of the separation shock,
particularly near the reattachment point and farther downstream; however, no strong
proof for a causal relationship between the two phenomena has been established (Priebe
etal., 2016; Pasquariello et al., 2017; Laguarda et al., 2024b).

1.4. CONTROL METHODS FOR STBLI

Given the severe unsteadiness and performance penalties associated with STBLI, con-
siderable effort has been devoted to developing strategies to mitigate or control these
interactions. In the following, we briefly review the main control approaches that have
been proposed and their underlying mechanisms.

Control approaches for STBLI can be classified from different perspectives, depending
on the practical objective or the associated properties of the control strategy.

For instance, control methods may be categorized according to the primary control
target, depending on whether the strategy is intended to directly manipulate the shock sys-
tem (shock control) or to modify the incoming turbulent boundary layer (boundary-layer
control) (Babinsky and Ogawa, 2008). Shock-control approaches are more commonly
associated with transonic airfoil applications and aim to reduce the additional wave drag
induced by shock waves, for example, by weakening or smearing a strong shock into a
series of weaker compression waves. Typical examples include surface-modification tech-
niques such as bumps, humps, or steps, as well as bleed and porous surfaces (Liu et al.,
2022; Li and Liu, 2019; Raghunathan, 1988; Tam et al., 2005; Roy et al., 2021). In contrast,
boundary-layer control techniques focus on energizing the turbulent boundary layer to
mitigate shock-induced flow separation. Representative methods include micro-vortex
generators (Babinsky et al., 2007; Budich et al., 2013; Sun et al., 2019), pulsed jets (Amitay
etal., 2001), plasma actuators (Webb et al., 2013), and suction (Pearcey, 1961).

Despite the above classification into two general categories, the inherent nonlinearity
of STBLI implies that any control strategy will inevitably influence both the boundary
layer and the shock system, with the resulting effects sometimes competing with each
other. For example, energizing the boundary layer using vortex generators introduces
additional compression waves, which subsequently interact with the main shock (Holden
and Babinsky, 2007). Another noteworthy observation is that the boundary-layer shape
factor has little influence on whether flow separation occurs (Délery et al., 1986), a
behavior that can be explained by the presence of two competing effects. On the one
hand, boundary-layer energization reduces the shape factor and brings the sonic line
closer to the wall, thereby shortening the interaction length. The resulting pressure
rise becomes more concentrated, leading to a sharper shock and a stronger adverse
pressure gradient acting on the boundary layer. Such a sharper pressure rise may also
amplify unsteady loads within the interaction. On the other hand, the increased near-wall
momentum associated with a more energetic boundary layer enhances its resistance
to separation. As a result of these competing mechanisms, the onset of separation is
relatively insensitive to the boundary-layer shape factor.




12 1. INTRODUCTION

Z (i)

Figure 1.8: Induced counter-rotating vortices by MVG and redistribution of momentum. (Adapted from the
work of Babinsky et al. (2009).

Another classification is based on whether external energy input is required during
the control process, that is, whether the method is active or passive (Delery, 1985). Active
control methods require external energy source—examples include suction, blowing, and
pulsed jets (Vadillo et al., 2006; Verma and Manisankar, 2019). Although such techniques
can be highly effective, they introduce additional system complexity, mass, and power
requirements (Babinsky and Ogawa, 2008). Passive control methods, on the other hand,
rely solely on geometric or flow-redirecting devices, such as shock-control bumps (Ogawa
etal., 2008), pressure-feedback ducts or secondary recirculation jets (Pasquariello et al.,
2014; Wu et al., 2022), and vortex generators (VG) (Lin, 2002; Panaras and Lu, 2015; Budich
et al,, 2013; Della Posta et al., 2023). These solutions are easier to implement, which
explains their widespread adoption in engineering applications.

Among passive control methods, micro-vortex generators (MVG) with a height of ap-
proximately 40% of the boundary layer thickness are highly successful in the suppression
of shock-induced flow separation by introducing a pair of counter-rotating streamwise
vortices that energize the boundary layer and thereby delay flow separation (Babinsky and
Ogawa, 2008; Babinsky et al., 2009), as shown in Figure 1.8. MVGs can also be combined
with other control methods to achieve stronger control effects, such as bleeding and
recirculation jet (Titchener and Babinsky, 2013; Wu et al., 2022).

A common drawback of many active and passive flow control methods is that their
control performance is very sensitive to the installation location (Gaitonde and Adler,
2023). For example, Budich et al. (2013) placed MVGs at different upstream streamwise
locations and showed that the structure of the separation region is substantially modified,
as shown in Figure 1.9. In real application scenarios, the streamwise location of the
incident shock impingement point may vary under different operating conditions; conse-
quently, the control efficacy of an MVG placed at a fixed location can vary significantly.
Furthermore, MVGs reduce parasitic drag compared to traditional VGs, they still lead
to a substantial increase in drag when there is no flow separation (Rybalko et al., 2012),
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Figure 1.9: Skin friction coefficient distribution of MVG at different streamwise locations (Adapted from Budich
etal. (2013)).

especially at high Reynolds number (Guo et al., 2022a). A further decrease of MVG height
may help ease the increase of the pressure drag, but the control efficacy could be lost
when the height is less than 0.1 — 0.3 §¢ (Panaras and Lu, 2015). This is also the case for
other passive methods such as local suction and injection through pressure feedback
ducts (Pasquariello et al., 2014) and shock control bumps (Ogawa et al., 2008). There-
fore, in high-speed applications, there is always a compelling need for novel flow control
methods that are insensitive to their installation location and have a low drag penalty.

Among the various passive strategies, surface-based approaches that modify the
boundary layer structure without introducing large geometric protrusions are particularly
attractive. For these reasons, we consider the utilization of surface roughness—particularly
roughness with spanwise heterogeneity—a promising research direction, as it can induce
secondary flows similar to those generated by micro-vortex generators, but with much
smaller surface protrusions.

1.5. SPANWISE HETEROGENEOUS ROUGHNESS

Prandtl (1931) classified secondary flows into two categories and they can both be induced
by the spanwise heterogeneous roughness.

The first kind is driven by pressure gradients induced by streamwise geometry varia-
tions. Notable examples include the streamwise vortices generated over micro-vortex gen-
erators (MVGs) or in convergent-divergent (C-D) riblets (Guo et al., 2022c), as well as the
classic case of flow through a curved pipe, where a pair of counter-rotating Dean vortices
develops in the cross-sectional plane. The intensity of such secondary flows can reach up
to several tens of percent of the mainstream velocity (Nikitin et al., 2021). More recently,
attention has been drawn to surface-based configurations, such as convergent-divergent
and herringbone riblets, which can induce qualitatively similar streamwise-oriented
secondary motions while introducing geometric perturbations that are one order of mag-
nitude smaller than those of conventional MVGs. Nugroho et al. (2013) experimentally
demonstrated that convergent—divergent riblets, despite having heights of only about 1%
of the boundary-layer thickness, can induce strong large-scale spanwise periodicity in a
turbulent boundary layer, consistent with the formation of counter-rotating streamwise
roll modes.

It should be noted that a strict and universally accepted definition distinguishing her-
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Figure 1.10: Oil flow images of the interaction zone of Mach 1.85 impinging shock interaction (a) baseline case,
(b) herringbone riblets control (Adapted from Wen et al. (2024)).

ringbone and convergent—divergent riblets does not currently exist in the literature, and
the geometric differences between the two configurations are relatively subtle. In practice,
the two terms are often used to describe closely related chevron-like riblet arrangements.
In the present context, the distinction is made primarily based on geometric connectivity:
although both geometries share a similar chevron-like planform, herringbone riblets
are characterized by a continuous streamwise-oriented central spine connecting indi-
vidual riblet branches (Wen et al., 2024; Ye et al., 2025), whereas convergent—divergent
riblets consist of locally converging and diverging riblet segments without a continuous
backbone (Xu et al., 2018; Guo et al., 2022c; Mohammadikarachi et al., 2024).

Guo et al. (2022a) recently applied C-D riblets with a height less than 5% of the bound-
ary layer thickness to control a Mach 2.9 compression-ramp STBLI flow. They found that
C-Driblets are able to shrink the mean flow separation area by 56%, thus demonstrating
that roughness-induced streamwise vortices are an effective way to control STBLI. Wen
et al. (2024) experimentally investigated herringbone riblets with a height less than 2% of
the boundary-layer thickness in a Mach 1.85 impinging shock wave/turbulent boundary-
layer interaction. They reported that the relatively smooth separation line observed in the
baseline case was replaced by a corrugated separation line, accompanied by a noticeable
reduction in the overall size of the separation bubble, as shown in Figure 1.10. More
recently, Ye et al. (2025) examined the effects of both sunken and protruding herringbone
riblets on a Mach 3.4 compression-ramp STBLI and similarly found that the separation
line became wavy in the presence of riblets, with the protruding configuration exhibiting
a more pronounced separation-reduction effect. However, C-D riblets also generate
pressure drag and should therefore be applied only in a narrow region. The positioning
of the riblets patch relative to the shock impingement point is arguably crucial for the
control performance.

Secondary flow of the second kind, was first experimentally reported by Nikuradse
(1926), who observed eight counter-rotating vortices transporting high-momentum fluid
from the duct core towards the corners, thereby distorting the streamwise velocity con-
tours. In contrast to the secondary low of the first kind, the second kind is generated
by the imbalance between local production and viscous dissipation of turbulent kinetic
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Figure 1.11: Schematic flow patterns of secondary flows over (a) strip type, and (b) ridge type roughness. Figure
adapted from Wang and Cheng (2006).

energy and occurs only in turbulent flows. That is, turbulence-weak fluid is transported
toward regions of high production, while turbulence-rich fluid is transported outward
(Hwang and Lee, 2018). This type occurs exclusively in turbulent flows.

In a turbulent boundary layer, Prandtl’s secondary flow of the second kind can be
induced by both strip-type and ridge-type roughness (Kadivar et al., 2021), as illustrated
in Fig. 1.11. Strip-type roughness consists of alternating smooth and rough strips, for
which the resulting spanwise variation in wall shear stress plays the dominant role. In
contrast, ridge-type roughness is formed by contouring an otherwise smooth wall, where
wall elevation and the associated increase in wetted area are the primary contributors.

Stroh et al. (2020) performed direct numerical simulations of turbulent channel flow
over surfaces with spanwise-varying drag and demonstrated that the topology of Prandtl’s
secondary motions strongly depends on the spanwise length scale of the drag hetero-
geneity. Frohnapfel et al. (2024) reported that spanwise-alternating roughness generates
turbulent secondary motions that significantly modulate the local flow, while the global
drag cannot be mapped onto classical homogeneous roughness correlations. Ridge-type
rough surfaces that are homogeneous along the streamwise direction do not suffer from
increased pressure drag, unlike strip-type roughness and C-D riblets. Streamwise ho-
mogeneous ridge-type roughness can therefore be applied over large areas, such that
the control effectiveness is less sensitive to the installation location. These advantages
make the ridge-type roughness a promising method to study. Zampiron et al. (2020)
experimentally demonstrate that ridge-type roughness can induce secondary currents,
such as upwash over the ridges and downwash in the valleys, resulting in the formation
of low-momentum and high-momentum pathways within the turbulent boundary layer.
The same conclusions are confirmed numerically by Zhdanov et al. (2024). Wangsawijaya
et al. (2020) point out that the spacing between ridges, and the width and height of the
ridge are the main contributing factors to the size of the secondary flows induced by the
ridge-type roughness. Deyn et al. (2022b) have shown that the secondary motions exhibit
a weak dependence on Reynolds number.

1.6. OBJECTIVES OF THIS DISSERTATION

Extensive research has been devoted to spanwise heterogeneous roughness, demonstrat-
ing its capability to induce secondary flows with significantly smaller protrusion into
the flow compared with traditional vortex generators. With the development of high-
fidelity numerical methods, including the immersed boundary method, together with the
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rapid growth of available computational resources, a robust numerical framework is now
available to facilitate systematic investigation of the effects of spanwise-heterogeneous
roughness on impinging shock-wave/turbulent boundary-layer interactions.

The main objective of this dissertation is to explore the potential of spanwise het-
erogeneous roughness—specifically convergent-divergent (C-D) riblets and ridge-type
roughness—as a novel passive control strategy for a Mach 2.0 impinging shock-wave/
turbulent boundary-layer interaction. In this work, we answer the following research
questions:

* How do the secondary flows induced by spanwise-heterogeneous roughness affect
the upstream turbulent boundary layer prior to the interaction?

* How does spanwise-heterogeneous roughness modify the mean flow structure and
the dynamics of the interaction region?

* How do geometric parameters, such as ridge spacing and ridge height, influence
the control performance of ridge-type roughness on STBLI?

* How does the Reynolds number affect the control effectiveness of ridge-type rough-
ness?

* Does spanwise-heterogeneous roughness alter the unsteadiness of the STBLI, and
if so, through which underlying mechanisms?

1.7. LAYOUT OF THIS DISSERTATION

This dissertation is organized into six chapters. The present chapter provides an intro-
duction to the historical and research background of the topic. A brief overview of the
remaining chapters is given below.

Chapter 2 introduces the numerical methodologies employed in this work, including
the governing equations, the adaptive local deconvolution method (ALDM) for large-
eddy simulation, the immersed boundary method, and the turbulent inflow generation
technique. In addition, methods used for the analysis of the results are introduced,
including the intrinsic averaging, spectral analysis and dynamic mode decomposition.

Chapter 3 presents the investigation of C-D riblets. Results from two designed riblet
configurations are compared with those of a baseline smooth-wall case, highlighting the
effects of riblet-induced secondary flows on the upstream turbulent boundary layer and
the interaction region, including significant modifications to the separation characteris-
tics and wall-pressure fluctuations.

Chapter 4 presents and discusses the effects of ridge-type roughness on a low-Reynolds-
number STBLI. The influences of geometric parameters, such as ridge spacing and ridge
height, on the mean flow and interaction unsteadiness are examined in detail.

Chapter 5 extends the analysis to high-Reynolds-number STBLIs, considering identi-
cal flow conditions and rough-wall geometries under both inner and outer scaling. The
influence of the Reynolds number on the control effectiveness with respect to the mean
flow, interaction unsteadiness, and the underlying physical mechanisms is discussed.

Chapter 6 summarizes the main conclusions of this dissertation and outlines perspec-
tives for future work.
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This chapter outlines the methodology adopted in this study. The overall workflow
consists of two major components: the computational fluid dynamics (CFD) methods
used to compute the flow field, and the analysis techniques applied to extract the under-
lying physics.

The first methods section introduces the governing equations for compressible tur-
bulent flows, the discretization strategies, and the associated solution procedures im-
plemented in the simulations. The Section 2.2 focuses on the flow analysis techniques.
Intrinsic averaging used in the statistical post-processing for rough wall is introduced. To
interrogate the large amount of unsteady data generated by the simulations, we employ
several diagnostic tools, including spectral analysis and dynamic mode decomposition
(DMD). These methods enable us to quantify the dominant frequencies, characterize the
energetic flow structures, and identify the key dynamical features associated with both
the baseline interaction and the modified cases with spanwise heterogeneous roughness.

Together, these methodological components form the foundation upon which the
subsequent results and physical interpretations are built.

2.1. NUMERICAL METHODS

2.1.1. GOVERNING EQUATIONS

The physical problem is determined by the three-dimensional compressible Navier—
Stokes equations with appropriate boundary and initial conditions, as well as the constitu-
tive relations for the fluid properties. The conservation equations in Cartesian coordinates
in integral form are:

ov__1 (C(U)+P(U)+D(U))-dA+L5£ SW)dvV @1
ot Vn Joay Vn Jay
where the state vector U = [p, puy, puy, pus, pE] represents the fluid density p, linear
momentum pu;, and total energy pE = pe + puyui/2. The overbar indicates the volume
average for an arbitrary control volume Q. The total flux appears in Eq. (2.1) includes
advection C, and surface stresses, P and D,

0 0
onp Ti1
Ci=u;U,P;=| 6ppp |, Di=~ Ti2 , (2.2)
Oi3p Ti3
ugbixp UkT ik + gi

where p is the pressure, u; the velocity vector. The viscous stress tensor 7;; follows the
constitutive relation for an isotropic Newtonian fluid

Ou; Ouj 2 duy

= +—L =5 —|, 2.3
fij=H ox; 0x; 3 Y 0xp @3
and the heat flux g; is given by Fourier’s law
oT
qi=—k=— (2.4)
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The fluid is air and modeled as a perfect gas with a specific heat ratio y = ¢;,/¢, = 1.4 and
a specific gas constant of R = 287.05 J(kg-K)~!. The volumetric and caloric equations of
state are

p=pRT, 2.5)
=P Lo 2.6)
Ty-1 p PHith: ‘

The dynamic viscosity p depends on the static temperature T and is modeled as a power-
law,

0.7

where 1, and T, represent the viscosity and temperature in the free stream. Finally, the
thermal conductivity k is modeled with a constant Prandtl number Pr =0.72

YR

k = mﬂ. (2-8)

2.1.2. DISCRETIZATION METHODS
The aforementioned three-dimensional Navier-Stokes Eq. (2.1) are solved using our
in-house finite-volume solver INCA', which employs the adaptive local deconvolution
method (ALDM) for implicit large-eddy simulation (ILES).

Large-eddy simulation (LES) is based on the separation of resolved and unresolved
flow scales through a spatial filtering operation. For a generic variable ¢, the filtered field
is defined as

P(x) = f Gx—x)p(x")dx' =G = ¢, (2.9)

where G denotes a low-pass filter kernel. Applying this operation and subsequent dis-
cretization to a nonlinear transport equation,

01p+0xF(p) =0, (2.10)
yields the discretized filtered equation
01 + G *0xFn(¢pn) = —G % 0xGsgs (2.11)

where the overbar denotes the filtering, and the subscript N indicates the grid functions.
Because the subgrid scales (SGS) cannot be recovered by reconstruction (i.e., ¢ # ¢), the
subgrid-stress residual is

Gscs = F(¢p) — Fn(¢n) (2.12)

In explicit LES, Gsgs is approximated by an explicit closure model to achieve Msgs = Gsgs,
such as Smagorinsky’s eddy-viscosity model (Smagorinsky, 1963).

When solved numerically, the discrete solution ¢  is inevitably influenced by the
truncation error associated with the underlying discretization scheme. As a consequence,

1For additional information about the solver, please visit https://inca.cfd.
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the governing equation effectively solved by the numerical method is not Eq. (2.11), but
its corresponding modified differential equation (MDE):

0Py +G 0y Fn(pn) = —G + 0xGsgs + G+ Gn (2.13)

where G)y is the modeling error and Gy is the truncation error.

Standard explicit LES relies on the assumptions |G|l < |G * 0xGsgs|l, 1GN] < |G *
0,Gsgsll, and ]\715(;5 = Msgs. Under these assumptions, the numerical discretization is
expected to introduce only negligible errors compared with the modeled subgrid-scale
(SGS) contribution.

However, as pointed out by Vreman et al. (1994), Ghosal (1996), Kravchenko and Moin
(1997), among many others, high-order centered discretizations may generate truncation
errors that are comparable in magnitude to the SGS term, i.e. |Gyl = |G * 3,Gscsll. In
such cases, the numerical errors can outweigh or distort the effect of physically sound
SGS models, leading to unpredictable interactions between modeling and discretization.
This limitation motivates the adoption of an implicit LES strategy in which modeling and
discretization are treated in a unified manner.

By comparing Eq. (2.11) and (2.13), it becomes apparent that numerical truncation
errors may effectively act as an implicit subgrid-scale (SGS) model, provided that

Gn = —G*0,Gsgs, (2.14)

at finite grid resolution h. Under this condition, the explicit SGS term Msgs is no longer
required, as the SGS effects are implicitly represented by the numerical discretization.

Based on this underlying philosophy, many implicit SGS approaches have been de-
veloped using nonlinearly stable discretization schemes (Grinstein et al., 2007), in which
numerical regularization is primarily introduced to satisfy mathematical stability require-
ments. In such methods, the physical consistency of the resulting numerical dissipation
with subgrid-scale turbulence dynamics is not explicitly enforced. In contrast, ALDM
explicitly designs the truncation error to act as a physically consistent implicit SGS model
through a regularized deconvolution-flux framework, thereby achieving controlled dissi-
pation, low-Mach-number consistency, and robust handling of shock-turbulence interac-
tion. It was initially designed by Hickel et al. (2006) for incompressible turbulence, then
subsequently extended to compressible turbulent flows with shock waves (Hickel et al.,
2014). With ALDM, numerical discretization and SGS modeling are fully integrated into
a unified framework. In the following, a brief overview of the key elements of ALDM is
provided, while readers are referred to the original publications for detailed formulation,
implementation, and validation.

Finite-volume discretization

In ALDM, the finite-volume discretization of the governing equations Eq. (2.1) can be
regarded as a filtering/convolution operation with a top-hat filter:

G, Vi) =4 Vj (2.15)
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where V; represents the volume of the computational cell Q;. For a generic variable, the
cell-averaged solution is given by

¢ —G*gb—if $pdV (2.16)
a _Vj Qj '

Reconstuction

To evaluate fluxes at cell interfaces, ALDM reconstructs left and right interface states
from the cell-averaged variables. This reconstruction is interpreted as a regularized
deconvolution of the finite-volume filter, which involves a non-linear combination of
Lagrange interpolation polynomials.

First, at a cell interface x;+1/2, a set of local polynomial reconstructions is defined as

8 (Kjrr2) = 2 ) on) by (%j-r41) (2.17)
1=0

where k denotes the formal order of accuracy, r the stencil shift (r € {0, ..., k}), and [ the
index within the stencil from x;_, to x;_;;f_1.
The grid-dependent coefficients clf . l(xN), which are independent of ¢, satisfy

gr, (xj2112) = Plxje12) + O(hF). (2.18)

Their computation follows the procedures described by Shu (2006) or Hickel et al. (2006).

Next, ALDM adopts the idea of the weighted essentially non-oscillatory (WENO)
scheme of Shu (2006) where a hierarchy of reconstructions with increasing order of
accuracy is conducted at the cell interfaces.

k-1
br(xXjr12) = ) 0p Yk, ONEL (Xj2112), (2.19)
r=0

where the adaptivity of the deconvolution operator is achieved by dynamically weighting
the respective contributions by

3 — Brer @n)
OF Wi ) = LELPETEN (2.20)

Y YisBr,s@n)
5=0

Y«.r are free model parameters that are exploited to control error cancellations, and Sy ,
measures the smoothness of the grid function within the respective stencil and provides a
non-linear adaptation of the deconvolution. The functional expression of By , is defined
as (Hickel et al., 2014)

_ k—r-2 . _ 2 -2
ﬁk,r(¢N)=(eﬁ+ )3 (¢(xi+m+1)—¢(xi+m))) : (2.21)

I=—r

where eg = 107 to prevent division by zero.
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These reconstructions are eventually combined into the final reconstruction:

K
T (xjx1/2) = ) apdp (Xjs1/2), with K = 3. (2.22)
k=1

Note that the weights a are chosen to form a normalized convex combination of the
reconstructions of different orders. In the present work, @y = 1/3 has been chosen.

Numerical flux function
The numerical flux in ALDM is formulated as

~

¢ +¢

Fjirl/z =F 2

_R. ((F _ (5‘), (2.23)

where the first term is the physical Navier-Stokes flux, and it is computed from the mean
of both reconstructions of the unfiltered solution at the considered cell face to achieve
maximum order of consistency. The mismatch between left and right reconstructed states
at a cell face, which appears in the second term, represents the irreducible deconvolution
residual associated with unresolved scales. The second term provides controlled numeri-
cal regularization, where the dissipation matrix R scales with local velocity differences.

Following this framework, the approximation of the numerical convective flux for
the mass, momentum, and energy conservation equations at an arbitrary cell face is,
respectively

<p_ P +P b

Ch =it T—Rf (pT-p7) (2.24a)
. 0+ i 5t b
CPk = Cf% - Rf”% (" -u) (2.24b)

E\’p pe (~—+ ~—-—
’C——Ci)—Rl. (pe” —pe’). (2.24¢)

where the transport velocity i is defined as the following to ensure pressure-velocity
coupling
i a PP
u; = - (2.25)
2 ¢ pr-p

The definition of the pressure flux is direct

0
oin(pr+p)i2
P;= 5i2(ﬁ++ﬁ_)/2 . (2.26)
Sis(pr+p)i2
ﬁ;"(ﬁ*+ﬁ’)/2

The dissipation matrix R is constructed such that numerical dissipation scales with
local velocity differences rather than acoustic signal speeds, ensuring asymptotic consis-
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tency in the low-Mach-number limit.

- p, r p v+_v,

R; of lu; —u;l 1
R o=t ]
ou s ol li] | +1uf - ;] |1

Ri: Ri = |gP |u2—u2| +fs > 1k (2.27)

pu puiy+ _ 33—

Rl. oP luz —ug| 1
[RP¢] ool - iz 1

where 0, P, and g”¢ are case-independent model parameters of order 1.

The free parameters {a,y,0} are calibrated to reproduce the spectral dissipation
characteristics of canonical turbulent flows. As a result, the truncation error introduced
by the numerical flux acts as a physically motivated implicit SGS model. Additional shock-
related dissipation is activated selectively through a modified flow-dependent Ducros
sensor (Laguarda, 2024; Ducros et al., 1999)

fim { 1, ooy = 0-98 and V-7 <0, 2.28)
0, else

where £ = 10715, allowing stable and non-oscillatory capturing of discontinuities without

compromising the resolution of smooth turbulence (Hickel et al., 2014).

Additionally, gradients appearing in the viscous flux tensor are discretized using
linear second-order central differences. Time integration is performed using an explicit
third-order Runge-Kutta scheme.

In summary, ALDM provides a unified numerical framework in which spatial dis-
cretization, implicit SGS modeling, and shock capturing are intrinsically coupled. Com-
pared with traditional ILES approaches that rely on incidental numerical dissipation,
ALDM offers controlled spectral dissipation and asymptotic consistency in the low-Mach-
number limit by scaling numerical dissipation with local velocity differences rather than
acoustic signal speeds. At the same time, solution-adaptive reconstruction and selective
flux regularization enable robust and non-oscillatory shock capturing, while preserving
the high spectral resolution of smooth turbulent structures, which is comparable to that
achieved by a sixth-order central difference scheme. These properties make ALDM partic-
ularly well-suited for the simulation of STBLI, in which broadband turbulent fluctuations
coexist with strong compression waves and both phenomena influence the near-wall
dynamics and separation behavior.

The INCA solver has been extensively validated and successfully applied to a wide
range of shock-turbulent boundary layer interaction (STBLI) configurations, including
compression ramps (Grilli et al., 2012), shock impingement (Pasquariello et al., 2017;
Laguarda et al., 2024b; Laguarda et al., 2024a), and forward- and backward-facing steps
(Huetal., 2021; Hu et al., 2022).

2.1.3. IMMERSED BOUNDARY METHOD
In numerical simulations of turbulent flows in practical engineering, such as rough
surfaces, the accurate representation of complex wall geometries is a non-trivial and
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Figure 2.1: (a) Two-dimensional schematic of a cut-cell. (b) Schematic of a three-dimensional cut-cell intersected
by the triangulated surface.

challenging task. For complex geometries, traditional body-fitted meshes struggle to
accommodate the highly irregular and skewed surface features. Enforcing grid conformity
to such geometries often leads to poor mesh quality, for instance, in terms of reduced
orthogonality, and requires substantial manual effort and time-consuming mesh opti-
mization.

Immersed boundary (IB) methods have emerged as an effective strategy to alleviate
the difficulties associated with complex, and possibly moving, geometries by embedding
the solid boundaries within a Cartesian mesh and treating the fluid—solid interface using
dedicated numerical techniques. This approach significantly simplifies mesh generation
and facilitates the application of CFD to practical problems. The concept of the immersed
boundary method was first introduced by Peskin (1972) for the simulation of cardiac
mechanics. After several decades of development, the method has become increasingly
popular in the field of fluid mechanics. Comprehensive reviews and methodological
overviews can be found in Mittal and Iaccarino (2005), Griffith and Patankar (2020),
Verzicco (2023), Baskaya et al. (2024) and Verzicco et al. (2025).

The main procedures of IB methods consist of first identifying and classifying grid
points as fluid, solid, or interfacial, and then defining a strategy to enforce the boundary
conditions at the fluid-solid interface, as illustrated in a two-dimensional sketch in
Figure 2.1(a). The first step can be automated using efficient algorithms such as ray
tracing (O’Rourke, 1998) and needs to be performed only once at the beginning of the
simulation for fixed bodies. Most IB methods accomplish the second step by explicitly or
implicitly introducing a continuous or discrete volumetric forcing term (Verzicco, 2023).

In the current thesis, in order to resolve the rough wall geometry, a second-order
cut-cell-based IB method of Meyer et al. (2010) and Orley et al. (2015) is utilized. Unlike
traditional IB methods that impose boundary conditions by simple extrapolation or as
a non-conservative source term that is smeared over several cells at the interface, the
cut-cell-based IB method modifies the finite-volume flux balance to consider the exact
geometry of the fluid part of cells (Seo and Mittal, 2011). In essence, cells intersected by
the wall geometry are geometrically modified, and are therefore referred to as cut cells.
The cut-cell-based IB method is fully conservative by construction (finite-volume flux
balance) and represents the fluid-solid interface as sharply as a body-fitted mesh method.
The accuracy and convergence have been thoroughly verified through direct comparison
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with results obtained using body-fitted grids in several previous studies (Meyer et al.,
2010; Bagkaya et al., 2024).

In our IB method, the surface of the immersed body is triangulated into a set of
triangles T';,;. A Cartesian computational cell Q; ; x might be intersected by one or several
triangles and results in a collection of interface elements I'¢je =Ty NQ; j k, as illustrated
in Figure 2.1(b). The integral form of Eq. (2.1) applied on the fluid part of cell Q; ; ;. over a
sigle time step At = t""*1 — t"* reads

tn+1

f 0, Udvdr + [ FU)-ndSdtr =0, (2.29)
tn Qiyj‘kﬂQ[: tn a(Qiyj‘kﬁQF)

tn+1

where 0(Q; ;,x N QF) denotes the wetted surface of the cut-cell Q; ; x and F is the total
flux. Considering a volume average of the conserved variables,

— 1

Uijr= f Udxdydz, (2.30)
Qi,j,anF

@i,jkVijk
and assuming a forward Euler time integration scheme results in the discrete form of
Eq.2.29

n+lggpttl _ p gh
kUi =k Uik
LA e o e pam
Ax; i—3. k" i-1,jk i+3.,k” i+d,jk
LA n @n  _ an @n
Ay; Lj-3k% itk Tijrik” i+l (2.31)
+ At An Bn) _ an 3,n)
Az | bik=3" ijk-3 Lik+3T i k+ )
. At
o Xijk
Vi

where V; j r = Ax;AyjAzy is the total volume of the cut-cell, and a; j i is the fluid volume
fraction of the cut-cell, and A is the effective fluid wetted cell-face aperture, which sat-
isfy0<a; A< 1. FU, F@ FO denote the face-averaged numerical fluxes across
the regular cell faces in the x, y, and z directions, and the interface exchange term
Xi jk = Xele Xele accounts for the forces acting on I'; j . and flux passing through I'; j x by
summing up the contribution of cut-elements associated with (; ; r. x includes terms
for pressure, viscous effects and heat transfer at the element interface

Xele :xfle_{—xgle_{_xglte‘ (2.32)

xf 1o requires the interface pressure p£ 1o at the cut-element face centroid X, which can

be calculated by solving a one-sided face-normal Riemann problem with an approximate
or exact Riemann solver. Both the viscous x},, and heat transfer Zl”e contribution require
the evaluation of flow gradients at x,;.. The reader is referred to Orley et al. (2015) and
Pasquariello et al. (2016) for further details.

A drawback of the cut-cell method is that the fluid volume fraction in some cut cells
can become very small, which may lead to numerical instability when explicit time-
integration schemes are employed. To address this issue, several stabilization techniques
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have been proposed, including cell merging and cell linking. In the cell-merging approach,
the fluid portion of cut cells whose centers lie within the solid domain is merged with
adjacent fluid cells (Ye et al., 1999). In contrast, cell linking stabilizes the scheme by
redistributing numerical fluxes to neighboring cells while preserving local conservation
(Kirkpatrick et al., 2003). Orley et al. (2015) originally used the conservative mixing of
conserved quantities with several neighbour cells, as proposed by Meyer et al. (2010).
For the present work, however, a conservative cell-merging procedure is applied for
stabilization.

2.1.4. BOUNDARY CONDITIONS

For STBLI problems, the proper treatment of boundary conditions plays a critical role
in ensuring both numerical stability and physical fidelity. Beyond the conventional
requirement of non-reflecting inflow and outflow conditions to prevent spurious wave
reflections (Poinsot and Lele, 1992), additional care must be taken in specifying physically
realistic boundary conditions tailored to the underlying flow physics. In the following, the
generation of turbulent inflow, the wall boundary treatment employed in the immersed
boundary framework are highlighted.

Turbulent inflow condition

The incoming TBL strongly influences the development of STBLI and must be pre-
scribed as realistically as possible in order to avoid introducing artificial effects that could
contaminate the low-frequency dynamics of STBLI. Previously, researchers obtained the
realistic incoming TBL by triggering the transition of a laminar boundary layer to the
turbulent state with perturbations such as wall-normal blowing and suction (Pirozzoli
etal,, 2004; Zhu et al., 2017). But this method requires a very long computation domain
upstream of the interaction region to allow for the full development of the TBL, usually
hundreds of boundary layer thicknesses, in which much computation cost is wasted,
especially for LES and DNS. Turbulence can also be introduced directly at the inlet of
the computational domain, this kind of turbulence generation techniques are classified
into recycling methods and synthetic methods. The former extracts the required inflow
state from an auxiliary simulation or directly from a downstream plane with appropriate
rescaling (Lund et al., 1998). Recycling may introduce spurious low-frequency or long-
wavelength structures, which will modulate the downstream interaction dynamics. The
synthetic method, on the other hand, constrains random fluctuations to meet the pre-
scribed statistics and recover a target coherence or energy spectrum (Klein et al., 2003; Xie
and Castro, 2008). The digital filter (DF) method belongs to synthetic methods, which es-
sentially imposes target spatial and temporal correlations on random fields via an explicit
filter. This method does not bring undesired low-frequency content and has a relatively
short acceptable induction length, which extends only approximately 10 boundary layer
thicknesses.

A digital filter with improved accuracy and computational performance, introduced
by Laguarda and Hickel (2024a), is adopted. The main procedures are as follows:

1. At every time step, three slices of uncorrelated Gaussian random numbers S;, with
i = {1,2,3}, are generated. Each slice has zero mean and unit variance, and is
uncorrelated from the others.
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2. A two-dimensional spatial filter is then applied to each random slice in order to
impose spatial coherence for the three velocity components. The two-dimensional
filter kernel is defined as the tensor product of two one-dimensional kernels. The
target longitudinal two-point correlations are assumed to be of exponential form,

R(r) = il 2.33
(r)—exp( ZIL) (2.33)
where I is the prescribed integral length scale, which may vary for different random
fields, directions, and wall-normal distances. For a uniform grid with spacing /# with
I; = nhand r = kh, the following relation was proposed by Xie et al. to approximate
the discrete filter coefficients by

- k
, and by = exp(—%) (2.34)

where N is the filter support, typically chosen as N = 2n. The filtered fields are
denoted as S;.

For the transversal correlations, the exponential correlation in Eq. 2.33 has been
shown to provide a poor approximation of turbulent correlations (Pirozzoli and
Bernardini, 2011). Laguarda and Hickel (2024a) therefore proposed an alternative
target correlation function,

r r
R(r)=(1-—|exp|——]. 2.35

" ( IL) p( IL) (235
Eq. 2.35 allows for negative correlations and more closely resembles transversal
velocity correlation observed in DNS. The corresponding discrete filter coefficients
in the transversal directions are approximated as

o2 ol )

3. Temporal coherence is also assumed to follow an exponential decay and is imposed
via a recursive digital filter,

1/2

Gi() = Gi(t—AD) exp(—w) +8:(0) [1 - exp(—ﬂ—t) 2.37)
217 T

T

where I7 is the target time scale. The resulting fields G; are correlated in both space
and time.

4. The inflow velocity is constructed as i; () = U; + u;.’ (£) where U; denotes target
mean velocity profile. The instantaneous fluctuations are obtained through v (f) =
a;j G;(t), with a; ; obtained from the Cholesky decomposition of the target Reynolds
stress tensor. This transformation, originally proposed by Lund et al. (1998), rescales
the unit-variance random fields to reproduce the prescribed second-order statistics.
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5. For compressible simulations, thermodynamic fluctuations are generated using
the strong Reynolds analogy (SRA):

U
T"=-2Lu), andp'=-=T". (2.38)
¢

p

k=]l

where c,, is the specific heat at constant pressure and p, T are the mean density and
temperature, thereby completing the inflow specification.

In this study, the first- and second-order statistical moments prescribed at the inflow
plane are based on the DNS results of Pirozzoli and Bernardini (2011) and Pirozzoli and
Bernardini (2013), obtained for supersonic turbulent boundary layers at Mo, = 2.0 and
comparable friction Reynolds numbers.

Wall boundary conditions

Interaction of the fluid with a solid interface is modeled by an interface exchange term
Xeie @s introduced in Eq. 2.32. The pressure term is

0
T,ele
pr,ele Alele 1y
p

T'el
Xele = prele Al'cle 11, ele , (2.39)
L,
pr.ele Alele Ng ee

prele Al ele (nF,ele _VF,ele)

Tele _ [ng,ele, ng,ele, ng’ele] is the element

where AT is the element surface area, n
normal vector obtained directly from the surface triangle, and v"°®® is the interface
velocity. The element interface pressure pr e is obtained by solving a one-sided face-

normal Riemann problem with a suitable approximate or exact Riemann solver.

972

Figure 2.2: Schematic of the ghost-cell extending procedure for a cut-cell.
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The viscous stress at the boundary is modeled by

0
D
X% = | D2, (2.40)
D3
C

where the contribution to the momentum equation is

szf-nr'eleds (2.41)

Cele

and the contribution to the energy equation is

C= f (f~vr’ele)-nrveleds, (2.42)
T

ele

where T denotes the local viscous stress tensor.
In case of an isothermal interface, the heat transfer across the fluid-solid-boundary

q= f kVT-nl¢€gs, (2.43)

Tele

needs to be taken into account within the flux balance of the cut-cell by the heat transfer
term

xht = (2.44)

o O O O

q

In the context of IB methods, cells located inside the solid region of the computational
domain and adjacent to the fluid-solid interface, referred to as ghost cells, are assigned
ghost states to satisfy the prescribed x,;,. These ghost states enforce the boundary con-
ditions at the interface without requiring any modification of the interpolation stencils
used in the finite-volume reconstruction scheme. The ghost-cell methodology originally
proposed by Mittal and Iaccarino (2005) for a sharp representation of immersed bound-
aries was later extended to finite-volume-based cut-cell methods by Orley et al. (2015),
and is adopted in the present work.

The identification of ghost points and the extension of the solution into the solid
region do not require a fully resolved cut-cell geometry. Accordingly, this procedure is
carried out using the average face centroid and the cut-cell normal vector nayg, defined as
the area-weighted average of the normals of all constituent cut elements. First, ghost-cells
X p that contribute to the interpolation stencil are identified, as illustrated in Figure 2.2.
Next, for each ghost-cell, the boundary intercept point X g; is determined such that the
line segment X p X g intersects the immersed boundary at X g; along the local normal
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direction of the interface segment. The line segment is then extended into the fluid region
to locate the corresponding image point,

X1p=X31+na,,g-Al, (2.45)

where Al = || Xpr — Xgpll denotes the distance between the ghost-cell and the boundary
intercept.

Once the image point is located, a trilinear interpolation is employed to evaluate the
value of a generic quantity ¢;p at Xp. For Dirichlet boundary conditions, the ghost-cell
value is obtained as

pGp=2-¢pr—Prp + O(AL), (2.46)
whereas Neumann boundary conditions are imposed as
0
dor=dip-2-M122|  +OBP). 2.47)
on Xpr

2.2. ANALYSIS METHODS

2.2.1. INTRINSIC AVERAGING
When quantifying spanwise-averaged flow characteristics in simulations involving spanwise-
heterogeneous roughness, intrinsic averaging is adopted as a fundamental statistical oper-
ation in the post-processing of mean quantities. Unlike flows over spanwise-homogeneous
surfaces, spanwise averaging in this context cannot be treated as a simple ensemble av-
erage. Instead, the contribution of each cut-cell must be weighted by its corresponding
fluid volume fraction:

k=K

D (Do ok @i, jo.k Vi jo.k
k=1

DY, jo = P . (2.48)

Z al’o,]’okaio,joyk
k=1

where (¢) is a general variable, ¢ and V are the volume fraction and corresponding
volume of a cut cell. i, j, k are the indices of cells in the streamwise, wall-normal and
spanwise directions.

2.2.2. SPECTRAL ANALYSIS

Spectral analysis is necessary when we study the unsteady flow phenomena, like STBLI.
The signals of interest, such as the wall-pressure or shock motions, are inherently unsteady
and broadband. Power spectral density (PSD), denoted by P,

o0

P:f P(f) df (2.49)
—00

quantifies how the power of a signal is distributed across different frequencies, where P is

the total power of the signal. Rather than describing the signal in the time domain, the

PSD provides a frequency-domain representation, indicating which frequency compo-

nents contain the dominant energy. The PSD can be computed via the Wiener-Khinchin
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theorem, which states that P is the Fourier transform of the autocorrelation function
Ry (7):

0 .
P(f) = f Re(r) e 12T dr (2.50)
—00
where the autocorrelation function is defined as:
1 T/2
R,(1) = lim — x()x*(t-7)dt. (2.51)
T—oo T J-T/2

Here x(¢) denotes the signal of interest, such as the wall pressure signals, and 7 is the time
delay.

While a conventional fast Fourier transform (FFT) yields high frequency resolution,
its spectral estimate exhibits large variance and poor convergence. By dividing the signal
into overlapping segments and averaging the periodograms of each segment, Welch’s
method significantly reduces the variance of the spectral estimate, leading to smoother
and more repeatable spectra (Welch, 1967). This property is particularly important for
STBLI, where the low-frequency unsteadiness of the separation shock is broadband and
stochastic in nature.

In the following spectral analysis of the wall-pressure, separation-bubble volume, and
shock-location signals, the Welch method combined with a Hann window is employed to
estimate the PSD. The implementation procedure is summarized as follows:

» Each time signal is divided into eight segments of equal length, with an overlap
ratio of 50% between adjacent segments.

* A Hann window is applied to each segment prior to spectral transformation by
gradually reducing the signal to near zero at the edges of each segment, in order to
mitigate spectral leakage arising from finite-length truncation.

* A FFT is performed on each windowed segment, and the corresponding peri-
odogram is computed.

» The spectra obtained from all segments are subsequently ensemble-averaged to
yield the final PSD estimate.

2.2.3. DYNAMIC MODE DECOMPOSITION

Dynamic mode decomposition (DMD) is a data-driven modal decomposition technique
that aims to extract coherent spatial-temporal structures from a sequence of time-resolved
data by approximating the underlying linear evolution operator. Each DMD mode is
associated with a single growth/decay rate and frequency, enabling the identification of
the dominant coherent structures that govern the system dynamics. It was proposed by
Schmid (2010) and has been applied widely to a variety of flow problems, including jet
flow, vortex identification, unsteadiness of STBLI and many others (Schmid, 2022; Zhang
etal., 2014; Laguarda et al., 2024b; Hu, 2020).

Considering a sequence of snapshots:

X1,X2,.. ., Xm, X € R™. (2.52)
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The snapshots can be arranged into two data matrices:
X=[x1Xx2 " Xpp-1], Y=[x2x3 - Xpl, (2.53)
and assume a best-fit linear mapping advancing the system by one time step:
Y = AX, (2.54)
In the least-squares sense, the operator can be written as
A=YX', (2.55)

where (-)* denotes the Moore-Penrose pseudoinverse. However, explicitly forming the full
matrix A € R"~D*("=D i intractable due to its large dimensionality and is unnecessary,
since only its eigenvalues and eigenmodes are of interest.

To avoid explicitly forming A, Schmid proposed a more robust implementation in
which a low-dimensional surrogate matrix A is constructed, from which the DMD eigen-
values and modes can be efficiently approximated (Schmid, 2010). A truncated singular
value decomposition (SVD) of X is performed,

X=Uuzv7, (2.56)

where Ue C/~V*7 veC™", XeC" D" (r < (m-1)indicates optional truncation),
leading to the reduced operator

A=vTAu=Uu’yYvzleRr . (2.57)

The eigen-decomposition

Adj=u;jd; (2.58)
yields the DMD eigenvalues i and eigenvectors ¢ j. The following transformation can be
used to map the eigenvectors in the subspace back to physical space

$;=YVZ'$;. (2.59)

The growth rate §; and angular frequency w; of each DMD mode can be directly
obtained from the corresponding eigenvalue ;:

W= |le|ei9j = e(ﬁf”wjmt, (2.60)

where 6 = arg(u;), fj =Inlujl/Atand w; = 0/At.
Based on the above decomposition, the snapshots data can be approximately repre-
sented by a linear combination of the DMD modes:

a 1 M1 /.l,in_2
1 m-2
ar 1 U2 My
X=[pr 2 .. ] o , (2.61)
® R A1 11 ey oo pitd

" )

D, =diag{a} Vand
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where Vandermonde matrix V,,; € C/"~D*"=1) " The computation of the unknown
amplitudes vector & := [a]...a;;—1] is an optimization problem formulated by:

minimize||X — ®D gV gql1% (2.62)
a

For analysis and physical interpretation, a further reduction of the number of modes
is helpful. For this purpose, Jovanovi¢ et al. (2014) introduced the sparsity-promoting
dynamic decomposition method (SPDMD), which is based on regularizing the least-
squares deviation in Eq. (2.62) with an additional term that penalizes the £;-norm of the
amplitude vector a:

m—1
miniamize ||X—(I>D0(Vand||§7 + vy Z lajl], (2.63)
j=0

where y is a regularization parameter that determines the sparsity. The alternating direc-
tion method of multipliers was provided by Jovanovi¢ to solve the convex optimization
problem of Eq. (2.63). The readers are referred to their publication for more algorithmic
details (Jovanovié et al., 2014).
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As introduced in Chapter 1, convergent-divergent (C-D) riblets are capable of induc-
ing strong secondary flows, thus enhancing the momentum transfer in the boundary
layer, similar to micro-vortex generators (MVGs), but with a much smaller protrusion
into the high-speed flow. This feature suggests their potential for reducing parasitic drag,
particularly in high-speed flow applications. Previously, Guo et al. (2022a) applied C-D
riblets to the control of a compression-corner STBLI using direct numerical simulation
(DNS) and demonstrated a substantial reduction in the separation region. Wen et al.
(2024) conducted experimental investigations on an impinging STBLI and similarly ob-
served a corrugated separation line accompanied by an overall reduction in separation
extent. Despite these encouraging findings, high-fidelity numerical simulations assessing
the control effects of C-D riblets on impinging STBLIs are still lacking in the published
literature.

This chapter, therefore, investigates the control effects of C-D riblets on an impinging
STBLI using wall-resolved LES, with particular emphasis on their influence on upstream
turbulent boundary-layer properties, the extent of flow separation, and the resulting
unsteady pressure loads.

3.1. FLOW CONFIGURATION AND NUMERICAL SETUPS

3.1.1. FLOW CONFIGURATION
We investigate the interaction between an impinging shock and an incoming turbulent
boundary layer, as illustrated in Figure 3.1. Three simulations are considered: a baseline
smooth-wall case (S) and two controlled cases employing C-D riblet patches of different
heights (denoted as CD1 and CD2).

All simulations share identical inflow conditions, consisting of a Mach 2.0 turbulent
boundary layer interacting with an oblique impinging shock wave at a shock angle of
¢ =40.04°. The computational domain for the baseline smooth-wall case S has dimen-
sions Ly x Ly, x L, = 45.48¢ x 16.56¢ x 46, where 6y denotes the 99% boundary-layer
thickness at the inflow plane. The nominal shock impingement point, x;,p, is located
326y downstream of the inflow plane.

16.55

Figure 3.1: Schematic of the computational domain of a Mach 2.0 STBLI over C-D riblets.
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My To (Kl polkPa] 6o [mm] 5imp [mm] Re;y Rer,imp RezSO ¢

2.0 288.2 355.6 5.2 7.7 250 355 11.6x10%  40.04°

Table 3.1: Summary of flow parameters adopted in current research. Rer g is evaluated at the inlet, and Rez jp,p
at the impingement point.

The fluid is modeled as a perfect gas with standard air properties. The inlet stagnation
temperature and pressure are Ty = 288.2 K and pg = 355.6 kPa, respectively. The Reynolds
numbers Res, = Poolloo00/ Hoo is 11.6 x 10% at the inlet of the computational domain,
where poo, Uoo, Hoo are density, velocity and dynamic viscosity of the free stream flow. The
corresponding friction Reynolds number Re; o = ¢/0, is 250 at the inlet. The viscous
length scale 6, = 1,/ (pwiy) is computed with the parameters at the wall, with u; =
V/Tw! pw being the friction velocity, and 7, and p,, are the stress per plane area and the
density of the fluid at the wall. In the absence of the impinging shock and expansion fan,
the 99% boundary layer thickness at the inviscid impingement point, which is located
326 downstream of the inlet, is 6, = 1.486 and the corresponding friction Reynolds
number is Re;,;mp = 355. The relevant flow parameters are summarized in Table 3.1.

3.1.2. RIBLETS POSITION AND GEOMETRY

For cases CD1 and CD2, ariblet patch is introduced 105y downstream of the computation
domain inlet to ensure that the incoming turbulence has reached a statistically developed
state (Laguarda and Hickel, 2024a). The riblet patch terminates 146 upstream of the
nominal shock impingement point, spanning the region (X — x;;,p)/ 60 = —22 to —14. The
riblets are positioned such that the entire interaction region develops downstream of the
riblets, thereby eliminating any direct geometric influence of the riblets on the interaction.
Consequently, the effect of riblet-induced vortices on the STBLI can be isolated. The
patch extends over a streamwise length of 86y, which allows the secondary flow to fully
develop before interacting with the shock.

Regarding the riblet geometry, the riblets are sunken (recessed) into the wall surface.
The riblet patch spans the entire spanwise extent of the domain. The spanwise width A
between two adjacent convergent lines (CLs) or divergent lines (DLs) is 1.0, as illustrated
in Figure 3.1. The yaw angle y of riblets, defined as the acute angle between the riblet
passage and the streamwise direction, is set to 45°. This combination of geometric
parameters has been shown to produce the strongest secondary flows (Guo et al., 2022d;
Guo et al., 2020). The riblets have a trapezoidal cross-section, characterized by a top
width ¢ = 0.049 and a base width b = 0.126, with a spacing of s = 0.20( between adjacent
riblets, see Figure 3.1. In inner scaling, these parameters correspond to t* = /5, =9.8,
b*=b/6,=29.5,and s* = s/§, = 49.2, respectively. The riblet height differs between the
two cases: h =0.036g (h" = h/6, =7.4) for CD1, and h = 0.106¢ (h* = 24.6) for CD2. A
summary of the geometric parameters is provided in Table 3.2.

3.1.3. BOUNDARY CONDITIONS AND GRID DISTRIBUTION
The bottom wall is modeled using an adiabatic no-slip boundary condition in all cases.
At the inflow plane, the digital-filter method described in Section 2.1.4 is employed to
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A/ldy Y t/6y bldy s/do hldg tt bt st h*

CD1 1.0 45° 0.04 0.12 0.2 0.03 9.8 295 49.2 7.4
CD2 1.0 45° 0.04 0.12 0.2 0.10 9.8 295 49.2 246

Table 3.2: Geometric parameters for C-D riblets. For the corresponding definitions, see Fig. 3.1.
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Figure 3.2: Schematic of the block distribution of the numerical grid and enlarged views of the near-wall mesh
for case C'D2. The left panel presents a three-dimensional perspective view of the mesh, while the right panel
shows an x-y cross-sectional view.

generate a synthetic turbulent inflow with prescribed spatial and temporal correlations.
At the top boundary, a non-reflecting boundary condition based on Riemann invariants
is applied; the oblique shock and the trailing-edge expansion fan are introduced using
the Rankine-Hugoniot relations and Prandtl-Meyer theory (Poinsot and Lele, 1992),
respectively. Periodic boundary conditions are imposed in the spanwise direction.

The computational domain is discretized using a block-structured Cartesian grid with
an equal number of cells per block but varying grid spacing. For the smooth wall baseline
case, the Cartesian grid consists of Ny x Ny, x N; =512 x 192 x 128 = 12.6 x 108 cells. The
grid resolution in the wall units is Ax* = 21.9 and Az* = 7.74, with Ay:’mll <0.93. As
depicted in Figure 3.2, the mesh is gradually coarsened with increasing distance from
the wall, and a mild stretching is applied in the wall-normal direction using a constant
stretching factor of 1.02. The riblets are sunken into the wall surface; accordingly, an
additional layer of blocks is introduced to accommodate the immersed riblet geometry.
The mesh is further refined in the streamwise and spanwise directions, yielding grid
resolutions of Ax* =5.49, Az* =3.87, and Ay , < 0.93. This resolution is considerably
finer than that typically employed in LES, resulting in a total of 45.6 x 10° grid cells for
both riblet cases.



3.2. RESULTS AND DISCUSSIONS 39

(a)

20 i

i wt = in(y") +5.1 =

15j A i

£2 | -

S 10f I

5F B
10° 10! 102 103 10° 10! 102 103

Y vy

Figure 3.3: Comparison of present LES (—) for the smooth wall case and DNS (0O) of Pirozzoli and Bernardini
(2011); (a) van Driest transformed mean velocity profiles and (b) density scaled Reynolds stresses. Note: LES
results are taken from (x — Ximp) /8¢ = —20.0, where Re; = 285, and DNS data is at Re; = 250.

3.1.4. OTHER NUMERICAL SETUP

All simulations were initialized using the inviscid shock reflection solution. After an
initial transient period of approximately 2000 6/ t, all cases were integrated for more
than 4000 6/ u. to obtain converged statistics for the low-frequency dynamics of STBLI.
Flow statistics were computed by time-averaging the instantaneous three-dimensional
solutions. Two arrays of numerical probes were placed at the DL and CL, with a sampling
rate of f; = 46u,/6¢. Additionally, instantaneous three-dimensional snapshots of the
interaction region were saved at intervals of At = §/u, for post-processing, yielding an
ensemble of approximately 4100 snapshots per case.

3.2. RESULTS AND DISCUSSIONS

3.2.1. BASELINE TURBULENT BOUNDARY LAYER

Before discussing the effects of C-D riblets on STBLI, the baseline smooth-wall LES results
are first compared with available DNS data to assess the capability of the present solver in
capturing the key flow features of the incoming turbulent boundary layer. Figure 3.3(a)
presents the van Driest-transformed mean velocity profile of the smooth-wall case at
a streamwise location 206, upstream of the shock impingement point. At this station,
the flow is unaffected by the interaction, while being sufficiently downstream of the
inflow plane (129) to allow the turbulence generated by the digital filter to reach a fully
developed natural state (Laguarda and Hickel, 2024a). The velocity profile agrees well with
the classic law of the wall. Reference DNS data of a Ma 2.0 TBL from Pirozzoli Pirozzoli
and Bernardini (2011) is also included in the figure and is in good agreement with the LES
data, confirming the accuracy of the incoming turbulent boundary layer. Note that the
LES has a slightly higher friction Reynolds number (Re; = 285 at this station) than the
DNS case (Re; = 250), which is correctly represented by higher (u):jD in the wake region.
The density-scaled Reynolds stresses are shown in Figure 3.3(b) and further highlight
the very good agreement between the baseline LES and DNS results for a smooth wall.
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Figure 3.4: Cross-stream slices of the streamwise velocity field for case CD2. The slices are taken at streamwise
locations ranging from (x — X;,p)/80 = =23 to —9, with a spacing of 2§¢. The isosurface indicates the location
where (u) = 0.

Small differences near the boundary-layer edge can be attributed to the difference in
Reynolds number. Further validations of the current baseline case could be found in the
recent work of Laguarda et al. (2024b), where detailed comparisons against experimental
data were performed. The predicted wall-pressure distributions, skin-friction evolution,
interaction scales, intermittency, and flow organization were shown to agree well with
available experimental measurements.

3.2.2. TURBULENT BOUNDARY LAYER MODULATION BY RIBLETS

As expected, the interaction of the incoming turbulent boundary layer with the C-D riblet
patch induces secondary flows within the boundary layer. The imposed yaw angle of
the riblets guides the near-wall flow from the divergent line (DL) toward the convergent
line (CL), introducing a systematic spanwise motion (Guo et al., 2022¢). As a result, the
induced secondary flow exhibits a downwash motion over the DLs and an upwash motion
over the CLs, forming pairs of counter-rotating vortices.

Figure 3.4 presents cross-stream slices of the streamwise velocity field for case CD2. A
pair of induced vortices can be clearly identified, which gradually develop in the stream-
wise direction.

The global strength of the secondary flow can be quantified using the metric intro-
duced by Guo et al. (2022c), defined as

1L [ V(2 +(w)?
1= ZLu—dde,

(3.1)

where A denotes the integration area from the wall to the local boundary layer thickness
over the cross-stream plane. To further assess the effect of riblets on the secondary flow,
additional simulations without shock impingement are considered. These cases corre-
spond to turbulent boundary layers developing over the same riblet configurations, in
the absence of an impinging shock and expansion fan. Figure 3.5 shows the streamwise
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Figure 3.5: Streamwise evolution of the secondary-flow intensity I over the riblet patch without shock impinge-
ment for the baseline S in black, case CD1 in red and CD2 in blue. The lines with circle markers are computed
using both (v) and (w), while the lines with square markers include only the induced spanwise velocity (w).
The gray dash lines show the riblets patch region.

evolution of this intensity over the smooth-wall and riblet patch (lines with circle mark-
ers) for all cases. Owing to the inherently non-zero wall-normal velocity in a turbulent
boundary layer, the intensity I exhibits a finite value upstream of the riblet patch. To
isolate the contribution of the riblet-induced secondary motion, an alternative definition
of the intensity is considered, in which only the induced spanwise velocity (w) is retained
in Eq. 3.1. The resulting intensity is shown by the lines with square markers. For both
definitions, the baseline remains nearly constant, as expected. In contrast, for the riblet
cases,the secondary flow intensifies rapidly over the first half of the riblet patch, followed
by a substantially reduced growth rate and saturation, suggesting that the riblet patch
length is sufficient for the secondary flow to reach a developed state. It is also observed
that the maximum intensity in CD2 is approximately three times that in CD1, roughly
scaling with the riblet height. After passing over the riblets, the secondary flow intensity
defined by both measures decays rapidly downstream. This suggests that the modulation
induced by the riblets is spatially localized, and its effectiveness is likely sensitive to the
relative positioning between the riblets and the shock impingement location.

The mean flow structures of a cross-section at (x — X;,p)/ 8¢ = —15 are shown in Fig-
ure 3.6. For the controlled cases, the induced secondary-flow structure is clearly observed:
low-momentum fluid is lifted away from the wall over CL, leading to a significant enlarge-
ment of the subsonic region within the boundary layer. In the channels between adjacent
riblets, strong spanwise flows (w) from DL to CL are observed, exceeding 20% of 1. This
consistent with the conclusion of Guo et al. (2020) that the large-scale secondary flow is
driven by the spanwise velocity generated by the yawed riblet passages.

Pronounced turbulent kinetic energy (TKE) amplification is observed over the CL in
the controlled cases, as shown in the last row of Figure 3.6. This phenomenon is primarily
associated with the sustained upwash induced by the secondary flow, which lifts near-
wall, turbulence-rich, low-momentum fluid into regions of strong mean shear, thereby
significantly enhancing the turbulence production. Moreover, the intensity of the induced
secondary flow is strongly correlated with the riblet height: CD2, with a height of 0.15,
exhibits substantially larger velocity magnitudes—and correspondingly stronger upwash
and TKE enhancement—than CD1, whose height is only 0.036.



42 3. CONVERGENT-DIVERGENT RIBLETS

1.00
0.75
0.50
0.25
0.00

(u) /1o

0
—4

8
() /e + 100

20

10

0

-10

—20
(w) /- 100

5.00
3.75
2.50
1.25
0.00

0.00 0.5 1.0 0.00 0.5 1.0 0.00 0.5 1.0
2/50 2/do Z/50

Figure 3.6: Mean flow (a, b, c) streamwise velocity, (d, e, f) wall-normal velocity, (g, h, i) spanwise velocity, (£, k, 1)
turbulent kinetic energy distribution in a cross-stream plane at (X — X, p) /6o = —15. The sonic line is shown in
lime. The locations of divergent and convergent lines are indicated on top of the first row.
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A station located downstream of the riblets at (x — Xjmp)/ 60 = —13.0 is also selected to
examine the characteristics of the turbulent boundary layer right before the interaction,
as shown in Figure 3.7. Compared with the secondary flow in Figure 3.6, the flow topology
is qualitatively similar but the intensity of the secondary flow has decayed quickly. The
enlarged subsonic region in the riblet cases implies an increased susceptibility of the
boundary layer to upstream influence from downstream perturbations. In contrast, for
the smooth-wall case, the subsonic region remains confined close to the wall. The wall-
normal velocity distributions further indicate that, in addition to the upwash over the CL,
a downwash occurs over DL, which slightly compresses the height of the local subsonic
region.

The mean streamwise and wall-normal velocity profiles from all the cases at (x —
Ximp)! 80 = —13 are shown in Figure 3.8. For the two riblet cases, the spanwise-averaged
mean streamwise velocity profiles are generally less full than that of case S, indicating a
reduced ability to resist flow separation on average. However, owing to the presence of the
induced secondary flow, pronounced spanwise heterogeneity is observed between the
DLs and CLs. Specifically, the streamwise velocity profiles at the DLs are noticeably fuller
than those at the CLs, and are even fuller than the smooth-wall profile in the near-wall
region, suggesting that the downwash locally energizes the turbulent boundary layer at
the DLs.

The wall-normal velocity profiles in Figure 3.8(b) further show that the induced up-
wash over the CLs is stronger than the downwash over the DLs in both CD1 and CD2. This
spanwise modulation of the mean velocity profiles is consistent with the secondary-flow-
induced redistribution of momentum, with downwash at the DLs enhancing near-wall
momentum and upwash at the CLs lifting low-momentum fluid away from the wall.

Table 3.3 summarizes several key quantitative metrics characterizing the baseline
and controlled cases, including the shape factor H, the spanwise-averaged height of
the subsonic region hgonic/69, the maximum wall-normal velocity, and the secondary-
flow intensity I. Compared with the smooth-wall case S, both controlled cases exhibit
increased shape factors and a pronounced enlargement of the subsonic region, consistent
with the lift-up of low-momentum fluid induced by the secondary flow. Moreover, the
substantially larger values of (V) max and I in CD2 further confirm the stronger secondary
flow associated with the larger riblet height.

The riblet patch inevitably introduces additional pressure drag compared with the
smooth baseline. With the present setup, the pressure contribution accounts for approx-
imately 17% of the total drag for CD1, increasing to about 41% for CD2. Equivalently,
the pressure drag is approximately 20% and 70% of the friction drag for CD1 and CD2,
respectively, indicating an approximate scaling with the riblet height.
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Figure 3.7: Mean flow (a, b, ¢) streamwise velocity, (d, e, f) wall-normal velocity, (g, h, i) spanwise velocity, (f, k, )
turbulent kinetic energy distribution in a cross-stream plane at (x — X5, p)/60 = —13. The sonic line is shown in
lime. The locations of divergent and convergent lines are indicated on top of the first row.
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Figure 3.8: Profiles of the mean (a) streamwise velocity and (b) wall-normal velocity at (X — X; ;) /60 = —13. The
black solid line corresponds to case S, the red lines to case CD1, and the blue lines to case CD2. For the riblet
cases, solid lines denote spanwise-averaged profiles, dashed lines indicate profiles at the divergent lines (DLs),
and dotted lines represent profiles at the convergent lines (CLs).

Case H Bsonic!00 (V) max! Uoo I

S 3.02 0.096 - 0
CD1 3.17 0.143 1.31% 0.0090
CD2 3.1 0.251 4.16% 0.0166

Table 3.3: Summary of the shape factor H, spanwise-averaged height of subsonic region, maximum wall-normal
velocity, and vorticity intensity I of the baseline and controlled cases at (x — Xjp,p) /60 = —13.

3.2.3. INTERACTION REGION

Time-averaged pressure fluctuation distributions at DL and CL are shown in Figure 3.9.
The shock system, sonic lines, and zero streamwise velocity lines are superimposed on
the contours to serve as a reference. Strong pressure fluctuations are observed at two
locations: one near the impingement point of the oblique shock on the shear layer, and the
other in the vicinity of the separation shock, particularly above the intersection between
the impinging and separation shocks. The amplification of pressure fluctuations in these
regions is primarily associated with the inherent unsteadiness of the separation bubble
and the low-frequency oscillation of the separation shock (Wu et al., 2026). Compared
with case S, both riblet cases exhibit stronger pressure fluctuations near the former
location, which can be attributed to the enhanced unsteadiness induced by the enlarged
separation bubble. In addition, the riblet cases display noticeably larger interaction
regions, as the onset of the interaction shifts upstream with increasing ridge height. Clear
differences between the DLs and CLs are also evident. At the CLs, the increased height
of the subsonic region facilitates upstream propagation of downstream disturbances,
thereby enlarging the interaction region. In contrast, at the DLs, the upstream extent of
the reversed-flow bubble is reduced, whereas an opposite trend is observed at the CLs in
both riblet cases. It is noted, however, that the reversed-flow region remains very shallow
in all cases, which is likely attributable to the relatively low Reynolds number (Laguarda
etal., 2024Db).
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Figure 3.9: Time-averaged pressure fluctuation distributions on the (a,b,d) z = 0 plane, corresponding to the
divergent line (DL), and on the (c,e) z = 0.5 plane, corresponding to the convergent line (CL). The sonic line is
indicated in lime, the zero streamwise velocity line in red, and the shock system (visualized by isolines of density
gradient magnitude |Vp|d¢/poo = 0.79) in black. The location of the peak wall-pressure fluctuation is marked by
the yellow star, and the leading edge of separation is marked by the red triangle.

Time-averaged wall-surface variables along the streamwise direction are presented
in Figure 3.10. The mean skin-friction coefficients shown in Figure 3.10(a) exhibit pro-
nounced spanwise heterogeneity between the DLs and CLs for both riblet cases, with
(Cy) at the CLs being consistently lower than that at the DLs. This spanwise difference
gradually diminishes toward the middle of the separation bubble. Such a distribution
indicates that the riblet-induced secondary flows tend to suppress separation at the DLs
while promoting it at the CLs. From the spanwise-averaged perspective, the riblet cases
show a slight upstream shift of the separation point compared with the smooth-wall case,
whereas the downstream reattachment location is also displaced slightly downstream.

The wall-pressure distributions shown in Figure 3.10(b) indicate that the onset of
the interaction region shifts upstream for both cases CD1 and CD2. Meanwhile, the
peak wall-pressure downstream of the reattachment point is reduced compared with the
smooth-wall case, implying a more gradual pressure rise across the interaction region. In
Figure 3.10(c), it can be seen that the peak wall-pressure fluctuations near the separation
shock foot are slightly attenuated in both riblet cases, and the magnitude of this reduction
increases with riblet height. Relative to case S, the peak reduction reaches 7.8% for CD1
and 11.8% for CD2. In addition, spanwise variations are observed near the fluctuation
peak, with increased wall-pressure fluctuations at the DLs and reduced levels at the
CLs compared with the spanwise averaged one. Figure 3.10(d) presents the streamwise
distributions of the mean wall-pressure gradient, where a monotonic decrease in the peak
value is observed as the riblet height increases. Similar to the wall-pressure distributions,
no clear spanwise heterogeneity is evident in the wall-pressure gradient. The decrease in
the wall-pressure gradient indicates a more smeared shock foot and partly explains the
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Figure 3.10: Streamwise distributions of time-averaged (a) skin friction coefficient, (b) wall-pressure, (c) wall-
pressure fluctuation, and (d) wall-pressure gradient. The black solid line corresponds to the smooth-wall
case S, while the red and blue lines represent cases CD1 and CD2, respectively. For the riblet cases, solid
lines denote spanwise-averaged profiles, dashed lines indicate profiles at the divergent lines (DLs), and dotted
lines represent profiles at the convergent lines (CLs). Star markers indicate the locations of the maximum
wall-pressure fluctuation, and pentagon markers denote the spanwise-averaged separation and reattachment
points.

reduction of the wall-pressure fluctuation peak.

Figure 3.11 shows the time- and spanwise periodic-averaged distributions of the skin-
friction coefficient, which clearly delineate the footprint and shape of the separation
region downstream of the riblets. Compared with the smooth-wall case S, the upstream
portion of the separation region in the riblet cases becomes highly corrugated in the
spanwise direction. Consistent with the trends observed in Figure 3.10(a), the DLs are
characterized by locally increased (Cy) and delayed separation, owing to the energization
of the near-wall flow by the riblet-induced downwash motions. In contrast, at the CLs, the
induced upwash leads to reduced {(Cy) and promotes earlier local separation. Compared
with case CD1, separation in case CD2 is more strongly suppressed near the DLs; however,
the overall separation region extends further upstream, indicating an enhanced spanwise
modulation accompanied by a globally extended interaction.

The spatial distribution of the wall-pressure fluctuation, v/{p’'p’)/ pco, is shown in
Figure 3.12. Compared with the baseline case S, both riblet cases exhibit elevated wall-
pressure fluctuations upstream of the interaction region. In contrast, the peak fluctuation
associated with the separation shock foot is reduced, with an attenuation observed as the
ridge height increases. Moreover, the wall-pressure fluctuation displays clear spanwise
heterogeneity, consistent with the trends reported in Figure 3.10(c). In particular, pressure
fluctuations are noticeably alleviated at the CLs, whereas higher fluctuation levels persist
near the DLs.
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Figure 3.11: Time-averaged skin friction coefficient distribution downstream of riblets. Black lines denote the
region of reverse-flow. DL is located at z/8¢ = 0,1,2, while CL is located at z/8g = 0.5,1.5.

3.2.4. SPECTRAL ANALYSIS OF WALL-PRESSURE FLUCTUATION

To complement the spatial analysis, the frequency characteristics of the wall-pressure
fluctuations are examined through spectral analysis. Wall-pressure signals are collected
at z=0 (DL) and z/8¢ = 0.5 (CL) for the riblet cases, whereas for the baseline case S only
signals at z = 0 are considered, owing to the spanwise homogeneity of the wall-pressure
fluctuation distribution.

As shown in Figure 3.13, a distinct low-frequency component with a characteristic
frequency of S, = 0.05 is observed near the separation shock foot for all cases. This low-
frequency content is more broadbanded and less localized in the streamwise direction
and attenuated in the riblet cases, with the strongest reduction occurring in case CD2.
The location of the maximum wall-pressure fluctuation is consistently found slightly
downstream of the low-frequency component. This offset arises because, at the consid-
ered Reynolds number, the total pressure fluctuation is dominated by high-frequency
contributions (Wu et al., 2026), which originate from the amplification of turbulence
within the separated shear layer and require a finite streamwise distance to develop down-
stream of the shock foot. A comparison between the DL and CL spectra for the riblet
cases shows that the low-frequency component remains largely unchanged, whereas the
high-frequency content is significantly attenuated at the CLs, particularly in case CD2.

To clearly compare the relative contributions of the low- and high-frequency compo-
nents to the reduction of wall-pressure fluctuations, the signals measured at the DL and
CL are further examined. The wall-pressure fluctuation obtained by integrating the power
spectral density is shown in Figure 3.14(a). For case CD2, the wall-pressure fluctuations
at the DL and CL, represented by the blue dashed and dotted lines respectively, are both
lower than those of the baseline case S. Moreover, near the peak region, the fluctuation
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Figure 3.12: Wall-pressure fluctuation distribution downstream of riblets. Black lines denote the region of
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Figure 3.14: Wall-pressure fluctuations obtained by integrating the power spectral density: (a) total fluctuation,
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pentagon markers denote the spanwise-averaged separation and reattachment points.

level is clearly higher at the DL than that at the CL, which is consistent with the trend
observed in Figure 3.10(c).

The contributions of the low- and high-frequency components to the wall-pressure
fluctuations have been computed by filtering the PSD with a spectral cut-off filter. The
cut-off frequency separating the low- and high-frequency ranges is set to Sz, = 0.4,
following our previous work (Wu et al., 2026), in which this value was shown to provide
a clear separation between low- and high-frequency contributions. In Figure 3.14, it is
observed that, for CD2, the peak values of both the low-frequency and high-frequency
contributions at the DL and CL are consistently lower than those of S, indicating that the
riblet configuration attenuates wall-pressure fluctuations across both frequency bands.
A clear difference between the DL and CL is observed near the fluctuation peak, where
the high-frequency component is more strongly reduced at the CL. In contrast, the low-
frequency pressure fluctuations exhibit nearly identical levels at the DL and CL.

Overall, these results indicate that the spanwise heterogeneity of the wall-pressure
fluctuations near the shock foot primarily originates from the stronger attenuation of the
high-frequency component at the CL. This observation can be attributed to the upwash
induced by the secondary flow, which lifts the turbulence-rich shear layer away from the
wall, thereby reducing the high-frequency pressure fluctuations sensed at the wall.

3.3. CONCLUSION

In this chapter, the effects of convergent-divergent (C-D) riblets on a Mach 2.0 impinging
shock-wave/turbulent boundary layer interaction (STBLI) are investigated using wall-
resolved large-eddy simulations at Re; = 355. A smooth-wall baseline case and two
controlled cases employing C-D riblet patches with heights of 3% and 10% boundary layer
thickness, installed upstream of the interaction region, are considered under identical
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inflow conditions.

The results show that the C-D riblets induce well-organized counter-rotating vortices
within the turbulent boundary layer, characterized by downwash at the divergent lines
(DLs) and upwash at the convergent lines (CLs) of the riblets. These secondary flows
substantially modify the incoming boundary layer prior to the interaction: the bottom
part of the velocity profile becomes fuller near the wall at the DLs and less full at the
CLs, while the subsonic portion of the boundary layer is significantly enlarged. Also
the spanwise averaged boundary layer is less full than that over the smooth wall. As a
consequence, the shock-boundary layer interaction region is enlarged, and the separation
topology is altered, with separation being suppressed near the DLs but promoted near
the CLs.

The peak wall-pressure fluctuations near the shock foot are attenuated by the C-D
riblets. This attenuation results from a reduction in both the low- and high-frequency
components of the pressure fluctuations. In addition, pronounced spanwise heterogene-
ity of wall-pressure fluctuations is observed near the separation shock foot, which is
primarily attributed to the stronger attenuation of the high-frequency content at the CLs
due to the lift-up effect induced by the secondary flow.

Overall, this study demonstrates that C-D riblets are capable of reshaping the sepa-
ration bubble and attenuating wall-pressure fluctuations in STBLI through systematic
modification of the incoming turbulent boundary layer. However, similar to micro-vortex
generators, the effectiveness of C-D riblet patches is expected to be sensitive to their
installation location because of the rapid decay of the induced vortices. Moreover, they
inevitably introduce additional parasitic drag. These limitations motivate the exploration
of alternative passive control strategies that retain the benefits of flow manipulation
while alleviating the associated drawbacks. Such considerations naturally lead to the
investigation of ridge-type roughness, which is the focus of the next two chapters.
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Figure 4.1: (a) Schematics of the computational domain (including streamwise velocity contours), and (b)
schematic view of the investigated ridge-type rough walls with relevant definitions.

As discussed in Section 1.5, ridge-type roughness can induce large-scale secondary flows
in turbulent boundary layers, which may in turn modulate the STBLI. Moreover, due to its
streamwise-homogeneous geometry, it does not introduce pressure drag and is expected
to be insensitive to the installation location. In this chapter, the effects of ridge-type
roughness on STBLI are therefore investigated.

4.1. FLOW CONFIGURATION AND NUMERICAL SETUP

4.1.1. FLOW CONFIGURATION

Five ridge-type rough-wall configurations with different ridge spacings are investigated in
this chapter. These cases are considered together with the baseline case presented in the
previous chapter. The same flow configuration described in Chapter 3 is adopted, namely
a Mach 2.0 turbulent boundary layer interacting with an oblique impinging shock wave
with a shock angle of ¢ = 40.04°. The same flow parameters are also used. This results in
the STBLI flow depicted in Figure 4.1(a).

4.1.2. ROUGHNESS GEOMETRY

The spanwise heterogeneous roughness consists of sinusoidal ridges with non-dimensional
spacing D/§y, width /8¢, and height H/Jy, see Figure 4.1(b). To better assess their effi-
cacy for STBLI control, a parametric study on the ridge spacing is performed, where con-
sidered values are D/6 = {2.0,1.0,0.5,0.25,0.125}, or D/, = {1.35,0.68,0.34,0.17,0.085}
if normalized with boundary layer thickness at the virtual impingement point, as shown
in Figure 4.1(b). The normalized ridge spacing values are also included in Table 4.1 for
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Figure 4.2: A zoomed-in view of the Cartesian mesh near the rough wall with D/§ = 0.25 in the cross-stream
plane. The mesh is uniform in the streamwise direction.

convenience. The non-dimensional height of the ridges is H/6y = 0.1 and their width
is /8¢ = 0.2 for all rough wall cases, except the case with D/dy = 0.125 which does not
have the flat bottom valley and only consists of continuous sinusoidal waves with D = A
due to the limited space in the spanwise direction. If scaled with the viscous length of
the baseline case at the inlet, the non-dimensional width and height are A* = /6, =49.6
and h* = H/6, = 24.8. Note that the crests of the ridges are at the plane of y = 0 and the
geometry of the ridge-type roughness is homogeneous along the streamwise direction.

4.1.3. BOUNDARY CONDITIONS AND GRID DISTRIBUTION
The boundary conditions are identical to those described in Section 3.1.3; the only differ-
ence is that the wall geometry is replaced from the C-D riblets to ridge-type roughness.
The Cartesian grid for the smooth-wall baseline case is the same as in Chapter 3:
consists of Ny x N, x N; =512 x192x 128 =12.6- 10° cells. The grid resolution in wall
units is Axt =21.9 and Az" = 7.74, with Ay;u” < 0.93. The mesh is coarsened in the
streamwise and spanwise directions within the boundary layer above y = 0.76 and within
the freestream flow. For the rough wall cases, the mesh is locally refined near the wall
to fully resolve the geometry and turbulent structures around the roughness ridges, see
Figure 4.2. Note that the shape of each sinusoidal ridge is well resolved with 14 cells and
the mesh is stretched in the wall-normal direction with a very mild constant stretching
factor of 1.02. For the controlled cases, the viscous-scaled grid resolution is Ax* = 5.49,
Az* =3.87, Ay® . <0.93, which is much finer than what is normally required in LES,

wall —
resulting in 58.7 - 106 cells in total.

4.1.4. OTHER NUMERICAL SETUP

All simulations were initialized from the inviscid shock-reflection solution. After an
initial transient period of approximately 2000 6/ u, €ach case was further integrated
for more than 4000 dy/ 1, to ensure statistically converged results, particularly for the
low-frequency dynamics characteristic of STBLI. Flow statistics were obtained by time-
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STBLI case smooth R1 Ry R3 Ry Rs
D/ég —/— 2.0 1.0 0.5 0.25 0.125
D/bimp —/— 1.35 0.68 0.34 0.17 0.085
HyalH —/— 0.05 0.10 0.20 0.40 0.5
A(u):D 0.0 1.05 1.42 2.31 191 -0.16
Hsonic! 899 0.096 0.106 0.110 0.112 0.138 0.131
Hyortex! 099 0.0 0.50 0.58 0.45 0.23 0.12
(V) max! Uoo * 100 0.0 3.04 2.99 2.86 1.37 0.56
Lsep/50 9.48 9.86 9.70 11.46 13.27 13.25
Asep! Asepomoorn 1.00 0.85 0.87 1.09 1.41 1.49
pel P 0.9391 0.9377 0.9374 0.9396 0.9443 0.9424

Table 4.1: Summary of parameters in STBLI cases.

averaging the instantaneous three-dimensional solutions. An array of numerical probes
was placed at the ridge top in the mid-plane for the following spectral analysis, with a
sampling rate of f; = 46us,/6¢. Additionally, instantaneous three-dimensional snapshots
of the interaction region were saved at intervals of At = §/u, for instantaneous flow
analysis, yielding an ensemble of approximately 4100 snapshots per case.

4.2. EFFECTS OF RIDGE SPACING ON THE MEAN FLOW

4.2.1. COMPARISON OF MEAN VELOCITY AND REYNOLDS-STRESS PROFILES
The state of the incoming turbulent boundary layer (TBL) plays a pivotal role in the STBLI
dynamics and organization, particularly in light of the working principle of the proposed
flow-control method. Therefore, the analysis of the results is first focused on the upstream
TBL. A probing station located 200, upstream of the impingement point, which is free
from the influence of the STBLI, is used for this purpose. Meanwhile, the probing station,
situated 126y downstream from the inflow plane, is appropriately positioned to ensure
the turbulence reaches equilibrium (Morgan et al., 2011; Laguarda and Hickel, 2024a).

In order to better compare the characteristics of the TBL and to also assess the outer-
layer similarity between the smooth wall and rough wall cases, a shifted wall-normal
coordinate correction is considered. As explained by Chung et al. (2021), this is necessary
because the outer turbulent flow does not perceive its origin at y = 0 if the wall is rough.
The origin of the wall-normal coordinate is thus shifted to the average roughness elevation
height, or meltdown height, above the valley of the rough wall. The functional relation
between ys/6( and y/6, can be written as:

Ysl6o=(y+H—Hpa)lbo (4.1)

This is illustrated in Figure 4.4, which shows the definition of the shifted wall-normal
coordinate y; and the non-dimensional roughness meltdown height H,,;/6¢. For the
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Figure 4.4: Definition of the shifted wall-normal coordinate ys and roughness meltdown height H,,, ;.

smooth wall case, y;/0¢ simplifies to y/dp.

A comparison of the van Driest transformed mean velocity profiles of the controlled
cases is shown in Figure 4.3(a). It is worth mentioning that intrinsic averaging is applied,
considering only the fluid volume fraction of cells that are cut by the geometry as weights
when calculating the flow statistics. A clear downshift of the profile is observed for all
rough-wall cases except for the case with a ridge spacing of D/§y = 0.125. The downshift
indicates a drag increase and the corresponding momentum deficit due to the surface
roughness, which can be quantified with the roughness function Aw)} , = (u);jD, s~
(W)} p» Where (u)7 ) ¢ and (u) , , represent the velocity profile over the smooth wall
and the rough wall, respectively. The larger A(u)] , the higher the added drag as a result
of the roughness (Chung et al., 2021). Note that the downshift of velocity profiles is usually
measured in the log-law region; however, A(u)ZD is measured here in the free stream
because the investigated Reynolds number is low.

Figure 4.3(b) shows the relation between A(u):jD and D/§,. Interestingly, when D/§
decreases, A(u);D increases first (i.e., increased added drag) and then decreases. For the
smallest spacing D/§y = 0.125, A{u) ‘lj o drops below zero, indicating a decrease in drag
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Figure 4.5: Density scaled Reynolds stress profiles of the incoming turbulent boundary layer at (x — x;,p)/60 =
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compared to the smooth wall. This non-monotonic trend of A(u):D is consistent with
previous studies of Deyn et al. (2022a). The effect of the ridge spacing is expected to tend
to diminish when the spacing approaches zero or infinity since — in both circumstances —
the rough wall asymptotically tends towards an effectively smooth wall. For large finite
ridge spacing, friction increases due to the larger wetted area compared to a smooth
wall. As the spacing keeps decreasing, the ridge-type rough wall eventually transitions
into the category of riblets and the skin friction reduces by exposing less surface area to
high-velocity flow (Choi et al., 1993).

Profiles of the Reynolds stresses 7;; = (p) (u;. u}) for the smooth-wall and rough-wall
cases are compared in Figure 4.5. The Reynolds stresses are normalized with the local
wall shear at the probing station, whose value is obtained by integrating the wall shear
stress in the spanwise direction over the wetted area and then normalizing it by the
projected (plane) area. The profiles match well in the outer region of the TBL, while
visible differences are found in the inner region up to approximately y{ = 100 due to
different wall geometries. The peak of 7, = (p){u'u) reduces when D/§, decreases from
2.0 to 0.5 and then increases for D/§, from 0.5 to 0.125. The Reynolds shear stress shows
a similar trend when the ridge spacing varies.

4.2.2. ROUGHNESS-INDUCED SECONDARY FLOWS
The instantaneous vortical structures are visualized with the Q criterion in Figure 4.6.
Compared with the smooth-wall case, the introduction of ridge-type roughness visibly
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Figure 4.6: Instantaneous vortical structures in the STBLI region for different ridge-type roughness spacings. The
vortical structures are identified using the Q criterion (Q.r = 5.3) and coloured by the normalized streamwise
velocity u/ ux. The dark-blue region corresponds to the reversed-flow region. Panels (a)—(f) correspond to the
smooth-wall case and rough-wall cases with D/§g = 2.0, 1.0, 0.5, 0.25, and 0.125, respectively.
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Figure 4.7: Mean flow streamlines and Mach number distribution in a cross-stream plane at (x— X, p) /60 = —20.
The sonic line is shown in lime.

modifies the upstream turbulent boundary layer before it encounters the shock. The
rough-wall cases exhibit a much denser population of streamwise-oriented vortical struc-
tures upstream of the interaction region, indicating that the incoming boundary layer
has already been disturbed by the surface roughness. This upstream modification affects
the subsequent STBLI, with the reversed-flow region progressively enlarging as the ridge
spacing decreases from D/§y = 1.0 to D/ = 0.25.

The time-averaged roughness-induced secondary flow is visualized in Figure 4.7,
which shows streamlines and Mach number distribution of the mean flow in the cross-
stream plane at (X — X;mp)/6o = —20. Clear streamwise vortices induced by the roughness
structure can be observed in the cross-stream plane, with upwash occurring at the ridges
for all rough wall cases, consistent with findings from the incompressible flow experiment
of Zampiron et al. (2020). The effect of rough walls on the Mach number distribution is
confined within the thickness of the TBL, that is, the outer flow is only marginally affected
by the rough wall upstream of the interaction region. The shape of the sonic line, see the
lime line around 0.1 §, above the wall in Figure 4.7, is clearly altered by the wall shape.
For larger ridge spacing cases, the sonic line basically follows the curvature of the rough
wall structure. For the smaller ridge spacing cases, the sonic line remains at a distance
of 0.1 §, above the ridges and tends to recover a straight line. Note that this causes a
larger subsonic cross-section area as compared to the smooth wall and the cases with
wide ridge spacing. Figure 4.9(a) summarizes the spanwise-averaged height of the sonic
lines expressed in the shifted wall normal coordinate. By measuring from the shifted
wall origin, the spanwise-averaged height conveniently represents the subsonic area of
the incoming boundary layer. When reducing the ridge spacing, the mean sonic height
increases first, reaching for D/§( = 0.25 the maximum value of 48% larger than the one in
the smooth wall case, and then decreases.

Contours of the vertical velocity and velocity vectors in Figure 4.8 also visualize the
secondary-flow vortices. The maximum magnitude of the vertical velocity is observed
to be around 3% of the freestream velocity, which agrees with the results reported by
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Vanderwel et al. (2019). From the streamline map of Figure 4.7, it seems that another
vortex pair adjacent to the vortex touching the ridges is induced in the cases D/§y =
2.0,1.0. However, this vortex pair is actually rather weak compared to the vortex pair near
the ridges. Figure 4.8 shows that the magnitude of cross-stream velocity vectors in the
valley is close to zero. The size of secondary flow vortices, which is here measured as the
distance from the shifted wall origin to the highest location with secondary flow towards
the wall, increases with D/dy and reaches a maximum of around 0.5 local boundary layer
thickness dgg9 in case D/8p=1.0 as shown in Figure 4.9(b). This trend of size increase aligns
with the findings of Zampiron et al. (2020) and Zhdanov et al. (2024), who indicate that in
incompressible channel flow over ridges, the size of secondary vortices increases until
they fill the entire channel.

The intensity of the secondary flows can be evaluated both locally and globally. Locally,
the intensity of the secondary motions can be represented by the maximum vertical
velocity of the secondary flows before the interaction, as shown in Figure 4.9(c). The
maximum vertical velocity increases with the ridge spacing from D/ = 0 to 1.0 and then
remains almost constant regardless of the increase of the ridge spacing. However, the
maximum downwash velocity in the valleys reduces with the larger ridge spacing as the
vortices stretch wider. On the other hand, the global intensity of the secondary flow can
be quantified by the variable introduced by Guo et al. (2022c), which is defined in Equ. 3.1.
As shown in Figure 4.9(d), the global intensity I peaks at D/dy = 0.5, which is consistent
with the observation in Figure 4.8 that strong secondary vortices fully fill the whole span
for the case with D/§y = 0.5.

4.2.3. SPANWISE AVERAGED VARIABLES IN THE INTERACTION REGION

Figure 4.10 shows contour plots of the mean pressure fluctuation distribution on the z =0
plane for all cases. The shock system, sonic line, and separation lines are superimposed on
the contours to provide a reference. It is clear that the most intensive pressure fluctuations
appear along the separation shock, especially in the part above the intersection of incident
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Figure 4.9: (a) Spanwise-averaged height of the mean sonic line, (b) height of the secondary vortices induced
by the rough wall structure, (c) maximum value of the mean vertical velocity, and (d) mean secondary flow
intensity of such vortices at (x — Xjy;»)/60 = —20 as a function of the ridge distance D/ . The corresponding

value from the smooth wall case is indicated with a dashed line in (a).
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Figure 4.11: Spanwise averaged (a) wall-pressure and (b) wall-pressure fluctuation (c) friction coefficient
along streamwise direction for: ---- smooth wall; D/6g = 2.0; ==+ D/6y = 1.0; === D/6g = 0.5; —
— D/§g = 0.25; —— D/§p = 0.125. Pentagon markers show the separation/reattachment location, and star
markers represent the location of maximum pressure fluctuation.

shock and separation shock. Another region of high pressure fluctuations is found around
the location where the incident shock impinges on the shear layer. Milder pressure
fluctuations are found along the sonic line and expansion fan. Compared with the smooth
wall case, cases D/6p = 2.0 and D/ = 1.0 show a higher pressure fluctuation intensity
at the separation shock. Contrarily, case D/§y = 0.25 exhibits the weakest pressure
fluctuations at the separation shock. It is also noticeable that the case D/§y = 0.25
is characterized by an elevated shock intersection point and the longest interaction
length, and the separation region is clearly enlarged for this case. To better quantify the
impact of wall roughness, the streamwise distributions of the skin friction coefficient
(Cp, spanwise-averaged wall-pressure (p,,)/ poo, wall-pressure fluctuation \/{p’'p’)/ Poo,
and wall-pressure gradient along streamwise direction d{p,,)/dx are discussed next.

Figure 4.11(a) shows that the friction coefficient C¢ upstream of the interaction region
changes in a non-monotonic fashion with increasing D/, reaching a maximum value for
D16y = 0.5. This is consistent with the analysis of the upstream TBL. The C distribution
also indicates that the separation region is divided into a primary separation zone and
a secondary separation zone for large ridge spacing cases, i.e., D/ = 2.0,1.0,0.5. The
total separation length increases when decreasing D/§ from 1.0 to 0.25, while it remains
almost unaffected for other values of D/ and slowly approaches the smooth wall case
for further increased or decreased ridge spacing. The case D/ = 0.125 exhibits the
lowest (Cy) in the separation region, especially right after the separation, indicating a
stronger reverse flow in the separation bubble.

The wall-pressure distributions are shown in Figure 4.11(b), where no significant
difference is observed between the smooth wall and the D/dy = 2.0, 1.0 cases. However,
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when D/é, decreases from 1.0 to 0.25, the onset of the interaction moves upstream,
resulting in an increase in the total interaction length. For D/ = 0.125, the onset
location moves downstream instead. At the same time, the maximum wall-pressure near
the reattachment point first drops, then rises with decreasing D/dy. A non-monotonic
trend is evident, with the case D/dy = 0.25 exhibiting the longest interaction length
yet the smallest pressure increase, resulting in the most gradual pressure rise. Profiles
of the wall-pressure r.m.s. fluctuation are shown in Figure 4.11(c). A typical feature
of impinging STBLI is that the pressure fluctuation exhibits a local minimum in the
middle of the separation bubble and local maxima near the separation and reattachment
points (Pasquariello et al., 2017). It is evident that for D/§y = 2.0 and 1.0, the peak
value of \/{p’'p')/ pso slightly increases compared with that in the baseline case. We also
observe that the peak value in the case D/dy = 0.25 is 12% lower than the baseline peak
value, which hints at an attenuated separation shock unsteadiness. Therefore, it is worth
investigating in more detail the behavior of the pressure fluctuations across different
frequencies, which might provide additional insight on the reduction of the pressure peak
and the mechanism responsible for this. This will be partially addressed in the upcoming
sections. Case D/6(y = 0.125 shows a peak pressure fluctuation between the values for
D/§y = 0.25 and the smooth wall case. The location of the peak pressure fluctuation
moves similarly to the onset of the interaction, with case D/§y = 0.25 exhibiting the
most upstream location, which is consistent with a substantial increase in the size of the
reverse-flow region. The streamwise wall-pressure gradient is shown in Figure 4.11(d).
For cases with relatively large ridge spacing (D/dy = 0.5,1.0,2.0), the peak wall-pressure
gradient is slightly higher than that of the smooth-wall case. In contrast, cases with
smaller ridge spacing exhibit a reduced peak wall-pressure gradient, indicating a more
smeared separation shock foot.

4.2.4. EFFECTS ON SEPARATION REGION

Figure 4.12 shows the local skin-friction coefficient distribution projected on the horizon-
tal plane, thus including the effect of the increased wetted area. Before the interaction
region, the skin friction shows the periodic pattern of the ridges, where higher friction
appears due to the increased surface area. The separation and reattachment lines are
highly spanwise corrugated in rough wall cases. This is because the ridges protrude into
higher-speed flow, delaying separation and accelerating reattachment on top of the ridges
relative to the flow in the valleys. The flow near the corners between ridges and valleys
separates more easily due to corner effects. At corners, the wall-shear stress on the two
adjacent walls reduces and it drops to zero right at the corner, giving rise to a less full
boundary layer in this region, thus promoting separation. An interesting observation for
cases with larger ridge spacing, such as D/§( = 2.0, 1.0, 0.5, is that the flow over the valleys
reattaches to the wall shortly after the initial separation, forming a locally attached region
before the main separation bubble. A similar flow topology was also reported by Guo
et al. (2022a). The flow over the valley for these three cases, D/dy = 2.0,1.0,0.5, delays
the mean-flow separation compared to the smooth wall case. This is believed to be the
result of the downwash flow, which enhances momentum exchange brought about by
the secondary vortices. For smaller ridge spacing, the subsonic region of the upstream
turbulent boundary layer becomes thicker, promoting the upstream propagation of the
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Figure 4.12: Local skin friction coefficient distribution projected on the horizontal plane. Black lines denote the
location where (C f) =0.

adverse pressure gradient, making separation more likely.

Figure 4.13 summarizes how the separation length and separation area change with
different ridge spacings. The separation length is calculated from the spanwise averaged
(Cy) distribution, and measured as the distance between the first separation point to
the final reattachment point. For cases D/dy = 2.0, 1.0, the separation length is slightly
larger than the smooth wall case, but the separation area reduces around 15% because
the flow reattaches in the valleys. For the small ridge spacing case D/, = 0.25,0.125, the
separation lengths increase by around 40% and the separation areas increase by 41% and
48% respectively.

4.2.5. EFFECTS ON TOTAL PRESSURE RECOVERY

The assessment of total pressure recovery holds critical importance in aero-engine inlet
design. We therefore analyse the total pressure recovery at the (x — X;;p)/69 = 10 plane,
which is near the outlet of the computational domain. As shown in Figure 4.14(a), overall,
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Figure 4.13: (a) Spanwise-averaged separation length and (b) relative separation area as a function of D/§g. The
dashed line ---- denotes the corresponding value in smooth wall case.
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Figure 4.14: Spanwise-averaged total pressure recovery profile at the (x — x;;,p)/60 = 10 plane (a) near the wall

and (b) away from the wall for: ---- smooth wall; D/6g =2.0; ==—-D/dg = 1.0; ===+ D/6g =0.5, ——
D/6¢ =0.25;—— D/§( = 0.125. (c) Mass-flow averaged total pressure recovery at the same plane as a function
of D/§yg.

the profiles for the smooth wall and two large ridge spacing cases D/§, = 2.0, 1.0 are
very similar and have the highest total pressure in the near-wall region y;/d¢ < 2.0. The
total pressure recovery decreases as D/§, reduces from 1.0 to 0.25, and subsequently
increases as the ridge spacing decreases further. However, when the view is expanded
to observe areas farther from the wall, as depicted in Figure 4.14(b), the trend in total
pressure recovery with ridge spacing is inverted compared to the near-wall region. Case
D/d = 0.25 exhibits the highest pressure recovery in a relatively large region from y;/6¢ =
2.5 until ys/6¢ = 10.0. Even though the curves show only small differences, the trend is
significant and consistent with the observation that cases with higher friction suffer from
more viscous loss in the near-wall region, while they also benefit from a more diffused
shock, resulting in higher total pressure recovery. Since the mass flow away from the
wall is significantly higher than the mass flow near the wall, the overall effect is that case
D/§y = 0.25 achieves an approximately 0.5% higher mass-flow averaged total pressure
recovery than the smooth-wall case, see Figure 4.14(c).
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Figure 4.15: Pre-multiplied power spectra density maps of wall-pressure signals at the mid-plane. The red
lines denote the location where (C f) =0, i.e., separation and reattachment locations; the blue lines denote the
location where maximum pressure fluctuation appears.

4.3. LOW-FREQUENCY DYNAMICS

It is well known that STBLI are subject to large-scale low-frequency oscillations (Clemens
and Narayanaswamy, 2014). The streamwise distribution of the wall-pressure fluctuations
indicated that streamwise-aligned ridges with a small ridge spacing (D/§( = 0.25) may
be effective in attenuating the low-frequency motion of the separation shock. To further
support this claim, we analyze the unsteady pressure probe data and perform a modal
analysis of the flow field.

4.3.1. SPECTRAL ANALYSIS

We place 282 equally spaced pressure probes (A/dy = 0.09) along the streamwise direction
at y = 0 in the mid-plane, as indicated by the red dotted line in Figure 4.1(a), and samples
have been collected over a time span around 4000 ¢/ s with a sampling frequency
of fs = 46u../0¢. This theoretically enables us to capture the flow unsteadiness within
a very wide frequency range from 2.5 x 107 1y, /8¢ t0 23 uso/59. We employ Welch's
method described in Section 2.2.2 to compute the PSD to achieve statistical convergence
so that each time window has a length of 8899/ u,. The corresponding frequency range
is 1.12 x 103 teo /80 10 23 U/ 8.

The separation length is selected as the characteristic length scale to define the
Strouhal number S71,, = fLsep/ Uso- Figure 4.15 shows the pre-multiplied power spectral
density (PSD) of the wall-pressure signals. PSDs are shown in absolute value to directly
reflect the pressure fluctuation strength.
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Figure 4.16: Pre-multiplied power spectral density of wall-pressure signals at the location of maximum pressure
fluctuation. Line legends: ---- smooth wall; D/6g=2.0;==-D/5y=1.0;=+=+D/5§y=0.5;——D/y =
0.25;—— D/6¢ = 0.125.

The PSDs of the upstream TBL in all cases show high amplitudes centered around
fLsep! oo = 10, which reflects the characteristic frequency of the turbulent boundary
layer. Near the location of the separation line, an energetic low-frequency tone appears,
approximately two orders of magnitude lower than the characteristic frequency in the
upstream TBL. Because of the diffused character of the separation shock for the low
Reynolds number case, the low-frequency content spreads over around two boundary
layer thicknesses in the streamwise direction. Correspondingly, the intensity is lower
than typically observed in higher Reynolds number impinging STBLI (Pasquariello et al.,
2017; Dupont et al., 2006). Comparing the smooth case with the rough cases, we observe
that the low-frequency content for the three cases with the relatively large ridge spacing
(D/6¢ =2.0,1.0,0.5) is similar to the smooth-wall case, but it appears significantly weaker
for D/§y =0.25 and 0.125.

Figure 4.15 also indicates that the location of low-frequency content appears near the
separation point but does not necessarily coincide with the maximum pressure fluctua-
tion point. The maximum pressure fluctuation appears downstream of the separation
points, where the local pressure is mostly influenced by the detached shear layer vortices.

To better compare the spectral characteristics at the location of maximum wall-
pressure fluctuation, the spectral content of all investigated cases is shown in Figure 4.16.
All cases exhibit pronounced high-frequency content with Sz, , = 0.4, which is associ-
ated with the amplification of turbulence in the separated shear layer. For cases with
relatively small ridge spacing, such as D/§( = 0.25,0.125, both the high-frequency com-
ponent and the low-frequency component with a characteristic frequency of S, = 0.05
are significantly attenuated. This simultaneous reduction suggests that the ridge-type
roughness mitigates not only the turbulence amplification within the shear layer but also
the large-scale unsteadiness of the separation shock. In contrast, for cases with relatively
large ridge spacing, the low-frequency content remains comparable to that of the smooth-
wall case or even increases, such as in D/ = 0.5. This behavior is consistent with the
larger peak wall-pressure gradient observed in these cases in Figure 4.11, indicating a
sharper separation shock and enhanced low-frequency shock-foot motion, which leaves
a stronger footprint on the wall-pressure spectrum.
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Figure 4.17: (a) Wall-pressure fluctuation obtained by integrating the power spectral density, (b) wall-pressure
fluctuation attributed to the high-frequency content (St sep > 0.4), and (c) wall-pressure fluctuation attributed
to the high-frequency content (Stz,,, <0.4). Line legends: ---- smooth wall; D16y =2.0;==-D/§y =1.0;
== D/8 = 0.5; — — D/8( = 0.25; —— D/ = 0.125.

The filtered wall-pressure signals obtained from numerical probes located at the
ridge are presented in Figure 4.17 to elucidate the contributions of the low- and high-
frequency components. The total wall-pressure fluctuation, computed by integrating the
power spectral density, is shown in Figure 4.17(a), where the cut-off frequency separating
the low- and high-frequency components is set to Str,,, = 0.4. As can be seen, the

resulting distribution agrees well with the spanwise-averaged /{p'p’)/ pso shown in
Figure 4.11(c), apart from minor statistical noise. Figures 4.17(b) and (c) present the
streamwise distributions of wall-pressure fluctuations associated with the high- and low-
frequency components, respectively. Compared with the smooth-wall case, the two cases
with relatively large ridge spacing (D/d¢ = 2.0 and 1.0), which also exhibit higher peak
pressure fluctuations, show a similar high-frequency pressure-fluctuation distribution
near the separation shock foot, but a pronounced increase in the low-frequency pressure-
fluctuation peak. Similar observations have also been reported by Guo et al. (2022b)
and Della Posta et al. (2024), where passive control energizes the upstream turbulent
boundary layer of STBLI and leads to stronger, particularly low-frequency, wall-pressure
fluctuations. This observation indicates that the elevated pressure-fluctuation levels in
these cases mainly originate from the enhancement of the low-frequency component.
In contrast, the case with the smallest ridge spacing (D/§( = 0.25) exhibits a significant
attenuation of both the high- and low-frequency pressure-fluctuation components.

4.3.2. DYNAMIC MODE DECOMPOSITION

To better decouple different frequency dynamics and further validate our previous find-
ings, a modal analysis was carried out based on Sparsity Promoting Dynamic Mode De-
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Figure 4.18: Normalized amplitudes (black lines) of the DMD modes from the rough wall cases. The close-up

view shows the eigenvalue distribution. The red color indicates a SPDMD subset of N,;,;, = 17 modes.
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composition (SPDMD). Dynamic Mode Decomposition (DMD) (Schmid, 2010) is a purely
data-driven decomposition technique that aims to extract coherent spatial-temporal
structures from a sequence of snapshots. SPDMD is a variant of DMD that significantly
simplifies the analysis and interpretation by automatically selecting the most relevant
modes from the standard DMD solution (Jovanovi¢ et al., 2014). We apply SPDMD to
4101 2D snapshots of the pressure field at the z = 0 and y = 0 planes covering a time
interval of tus /8¢ = 3997.5 at a sampling frequency of f;6¢/ o = 1 to conduct SPDMD.
The corresponding frequency resolution range is 2.5 x 107 < Sz, < 0.5.

The mode amplitudes v;, which are normalized by the mean mode amplitude, from
the DMD analysis are shown in Figure 4.18 supplemented by a close-up view of eigen-
values p; distribution. Since the input data is real-valued, modes appear as complex
conjugate pairs but only the ones in the positive branch are shown here. SPDMD ef-
fectively selects modes that represent the dynamics at low and medium frequencies;
modes selected by SPDMD are colored in red in Figure 4.18. The distribution of the
SPDMD selected modes indicates that case D/6( = 0.25 shows attenuated low-frequency
unsteadiness. Only one mode with St;,, < 0.1 is selected by SPDMD for this case.

Figure 4.19 shows the mode shape of selected low-frequency and high-frequency
modes for the smooth-wall case (upper row) and for case D/dy = 0.25 (lower row). Rep-
resentative low-frequency modes from the smooth-wall and rough-wall case are shown
in the left column, Figure 4.19(a,c), and clearly represent the motion of the separation
shock. The impinging shock is steady and does not cause any fluctuation. The slightly
less pronounced separation shock motion observed for case D/§y = 0.25 is consistent
with previous conclusions drawn from the wall-pressure fluctuations in Figure 4.10. We
also see that the shock-motion induced pressure fluctuation gradually diffuses when
approaching the wall. The high-frequency modes shown in Figure 4.19(b) and (d) pri-
marily show pressure fluctuation caused by the shedding of shear-layer vortices. These
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Figure 4.20: Schematic view of the investigated ridge-type rough walls with different ridge heights.

fluctuations propagate further downstream and persist even after the interaction region.

4.4, EFFECTS OF RIDGE HEIGHT

From the previous study about the effects of ridge spacing, it is known that ridge-type
roughness with relatively small ridge spacing reduces the wall-pressure fluctuation peak
near the separation line despite the enlarged separation bubble (Wu et al., 2025b). The
reduced pressure fluctuation peak is related to a more smeared separation shock foot. The
height of the ridges has not been varied in previous studies. However, it is reasonable to
assume that the ridge height directly affects the size of the subsonic part of the turbulent
boundary layer, and thus the formation of isentropic compression waves at the separation
and their coalescence into the separation shock. This section investigates the influence
of ridge height on STBLI, employing the same numerical setup described in Section
4.1 but with the ridge height as the sole variable, namely, from 0.056 to 0.206¢. The
cross-sections of the investigated rough walls are shown in Figure 4.20.

4.4.1. UPSTREAM TURBULENT BOUNDARY LAYER

Similarly, a probing station located 206, upstream of the impingement point is used
to examine the state of the incoming TBL. The origin of the wall-normal coordinate is
shifted to the mean roughness-crest elevation relative to the valley of the rough wall, as
described in detail in Section 4.2.1. A comparison of the van Driest transformed mean
velocity profiles is given in Figure 4.21. A clear downshift of the profiles is observed for
all rough-wall cases, which indicates a drag increase and the corresponding momentum
deficit due to the surface roughness. This can be quantified with the roughness function
Auy?t = (u):D’S - (u);D'R, where (1) D.S and (u)* ».i Tepresent the velocity profile over
the smooth wall and the rough wall, respectively. Figure 4.21(b) shows that A(u)JI;D
increases monotonically when the ridge height H/§, increases.

Velocity vectors and vertical velocity contours visualize the roughness-induced stream-
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Figure 4.22: (a) Vertical velocity in a cross-stream plane with superposed cross-stream velocity vectors. The
solid line shows the sonic line. (b) Spanwise-averaged height of the mean sonic line.
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Figure 4.24: Numerical schlieren of the mean flow field on the z = 0 plane. —— mean shock position, ===-
mean sonic line, =+=+-+ separation line.

wise vortices in Figure 4.22(a). Upwash occurs at the ridges while downwash happens
in the valleys. The intensity of the induced secondary flow can be quantified either by
the maximum value of the induced vertical velocity or by the parameter I defined in
Equation 3.1. Both metrics consistently show an almost linear increase with ridge height,
indicating that taller ridges promote stronger cross-stream motion and more pronounced
redistribution of momentum within the turbulent boundary layer.

From figure 4.22(a), it can also be observed that the sonic line remains approximately
0.10, above the roughness crest. As a result, the subsonic portion of the boundary layer
increases with ridge height. The growth of this subsonic region in the upstream turbulent
boundary layer is quantified by the spanwise-averaged elevation of the sonic line in the
shifted wall-normal coordinate, as shown in figure 4.22(b).
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Figure 4.26: Pre-multiplied power spectra density maps of wall-pressure signals at the mid-plane. The red lines
denote (Cy) = 0; the blue lines denote the location of maximum pressure fluctuation.

4.4.2. INTERACTION REGION

Figure 4.24 shows a numerical schlieren visualization of the mean flow field on the
z =0 plane. It is noticeable that the separation bubble significantly increases with the
increasing ridge height. As the ridge height increases, the separation shock moves further
upstream and its foot becomes more diffused, causing the shock to form further from the
wall. Spanwise average friction coefficient, wall-pressure, and wall-pressure fluctuation
for all cases are presented in Figure 4.25. Friction coefficient distribution indicates that
the mean separation region expands with the ridge height. The maximum value of
wall-pressure decreases and the interaction onset location moves more upstream with
increasing ridge height, which results in a more gradual compression. More interestingly,
the peak value of pressure fluctuations near the separation point drops as the ridge height
increases but the pressure fluctuations upstream of the interaction region increase.
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Figure 4.27: Pre-multiplied power spectral density of wall-pressure signals at the location of maximum pressure
fluctuation. Line legends: =-=- smooth wall; -+---- H/6y=0.05;==-H/5y =0.10; ==+=++ H/6y=0.20.

4.4.3. SPECTRAL ANALYSIS

The streamwise distribution of wall-pressure fluctuations suggests that the investigated
rough walls are effective in attenuating the low-frequency motion of the separation shock.
To further substantiate this observation, pressure signals from 282 numerical probes
placed at y = 0 along the mid-plane are analyzed, as indicated by the dotted line in
Figure 4.1(a). The pre-multiplied power spectral density (PSD) map of the smooth-wall
case (Figure 4.26) reveals a pronounced low-frequency component near the separation
line at Sz, = 0.05, which is characteristic of the low-frequency unsteadiness in STBLL
With increasing ridge height, this low-frequency content is progressively attenuated and
completely suppressed in the case with H/dy = 0.2, highlighting the effectiveness of
ridge-type roughness in mitigating separation-shock unsteadiness.

In addition, the spectra at the locations of maximum wall-pressure fluctuation are
examined in Figure 4.27. Since these locations are situated slightly downstream of the
dominant low-frequency region, no pronounced low-frequency peak is observed in the
corresponding spectra. Nevertheless, compared with the smooth-wall case, all rough-wall
configurations exhibit a clear attenuation in the high-frequency range, which accounts
for the reduced peak values of wall-pressure fluctuation.

Overall, ridge-type roughness with larger ridge height effectively suppresses both
the low-frequency and high-frequency components of wall-pressure fluctuations in the
vicinity of the separation shock foot.

4.5. CONCLUSION

In this chapter, the effects of spanwise heterogeneous roughness on the interaction
between an impinging shock wave and a turbulent boundary layer at Mach 2.0 and
Re; = 355 are investigated. The structured roughness pattern consists of streamwise-
aligned ridges that generate secondary flows of Prandtl’s second kind. Two geometric
parameters of the ridge-type roughness are examined, namely the ridge spacing and ridge
height.

Regarding the effects of ridge spacing with a fixed ridge height of H/6( = 0.1, it
is found that both the size and intensity of the induced streamwise vortices increase
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with increasing non-dimensional ridge spacing and reach their maximum at D/§y =
1.0. Moreover, large ridge spacings (D/d = 1.0 and 2.0) reduce the separation area by
approximately 15% but result in stronger wall-pressure fluctuations. In contrast, a smaller
spacing of D/d = 0.25 enlarges the separation region and decreases the peak amplitude
of pressure fluctuations by about 12% compared with the smooth-wall case. Analysis of
wall-pressure spectra and dynamic mode decomposition of two-dimensional pressure
fields reveals that the reduction in pressure fluctuations is associated with the attenuation
of the low-frequency unsteadiness of the separation shock, as well as the reduction in the
high-frequency turbulence from the shear layer.

The effects of ridge height are further examined with the ridge spacing fixed at D/§¢ =
0.25. Varying the ridge height (H/§y = 0.05, 0.1, and 0.2) increases the skin-friction
coefficient upstream of the interaction region. Similar to the case of changing ridge
spacing, the roughness generates streamwise vortices in the upstream turbulent boundary
layer, with their intensity strengthening as the ridge height increases. Both the separation
and interaction lengths increase with ridge height, while the peak pressure-fluctuation
amplitude decreases significantly, as verified by spectral analysis.

To the best of our knowledge, this study presents the first observation that ridge-
type roughness can reduce the wall-pressure fluctuation peak near the separation point.
The increase in total pressure recovery further underscores the potential of ridge-type
roughness for engineering applications, such as in supersonic engine inlets. This chapter
provides a proof-of-concept for a relatively low Reynolds number. This observation
raises the question of whether the control mechanism remains effective in high-Reynolds-
number STBLI, where the separation shock is sharper and low-frequency unsteadiness is
more pronounced. This issue is addressed in the next chapter.
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In Chapter 4, we applied streamwise-homogeneous ridge-type roughness to impinging
STBLI at Mach 2 and Re; = 350 and reported two important outcomes: the ridge-type
roughness with relatively large spacing reduced the shock-induced flow separation, while
the ridge-type roughness with relatively small spacing alleviated the pressure fluctuation
peak near the separation-shock foot. This reduction in pressure unsteadiness is of clear
engineering relevance, as it suggests the potential to passively alleviate dynamic loads
associated with the separation shock. However, whether the effect persists at higher
Reynolds numbers remained an open question.

The objective of this chapter is to further explore the control effectiveness and the un-
derlying mechanisms of ridge-type roughness, particularly at moderately high Reynolds
numbers. To this end, two new rough-wall simulations are conducted at a friction
Reynolds number of approximately 1200, based on the incoming turbulent boundary
layer. The employed roughness maintains geometric similarity to a selected low Reynolds
number case in Chapter 4 in outer scaling for one simulation and in inner scaling for
the other. Results are compared with corresponding baseline (uncontrolled) interactions
on a smooth wall. This framework allows us to isolate the effects of Reynolds number,
roughness scaling, and surface condition on the STBLI flow, and to assess the efficacy of
ridge-type roughness as a passive control method for massive flow separation.

5.1. FLOW CONFIGURATION AND NUMERICAL SETUP

5.1.1. FLOW CONFIGURATION
We investigate the interaction of an impinging shock with an incoming turbulent bound-
ary layer flow as illustrated in Figure 5.1. This chapter considers five simulations: two
low Reynolds number cases from the previous chapter — one with a smooth wall (LS)
and one with a rough wall (LR) — and three moderately high Reynolds number cases,
consisting of one smooth wall case (HS) and two rough wall cases (HR1, HR2), which
share the same roughness geometry with £R in outer and inner scaling, respectively.

All above simulations share identical inflow conditions as investigated in the low-
Reynolds number STBLI in Chapter 4 except for the Reynolds number. The Reynolds
numbers Reg, are 11.6x 10° and 50.1 x 10% at the inlet of the computational domain for the
low and higher Reynolds number cases. The corresponding friction Reynolds numbers
Re; o =00/8, are 250 and 935, respectively. The flow parameters are summarized in the
Table 5.1.

The spanwise heterogeneous roughness consists of sinusoidal ridges defined by non-
dimensional wave length 1/, height H/6y, and spacing D/6§y, while the roughness
remains homogeneous in the streamwise direction, see Figure 5.1(b). To systematically

Case My To[Kl polkPa] &g [mm] [0) Res, Re;p
Low-Re 2.0 288.2 355.6 5.2 40.04° 11.6x10% 250
High-Re 2.0 2882 355.6 5.2 40.04° 50.1x10° 935

Table 5.1: Summary of flow parameters of the incoming flow.
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Figure 5.1: (a) Schematics of the computational domain (including instantaneous streamwise velocity contours),
and (b) schematic view of the investigated ridge-type rough walls with relevant geometric definitions.

investigate the effect of Reynolds number, two rough walls were designed to maintain
identical geometric parameters in either outer or inner scaling. In outer scaling, cases
LR and HR1 share identical geometric parameters: A/§y = 0.2, H/§p =0.1,and D/ =
0.25. In inner scaling, cases LR and HR2 have identical parameters: A* = 1/§, = 49.6,
ht=H/§,=24.8,andd" = D/6, = 60.

5.1.2. NUMERICAL SETUP
The numerical methodology follows that described in Chapter 4, including the boundary
conditions and inflow generation procedure.

The computation domain is discretized by a block-structured, piecewise Cartesian
grid with an equal number of cells per block but varying grid spacing. As depicted in

15 - /A 15 -
—)
—
vcol() r % 10 -
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Figure 5.2: Block distribution of the numerical grid for the higher Reynolds case HR1. In the zoom-in view of
the right panel, the mesh lines are displayed in gray, with only every fourth line shown in the y- and z-directions
for clarity.
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Case LS LR HS HRI1 HR2
H/dy - 0.10 - 0.10 0.026
h* - 24.8 - 93.5 24.8
Aldg - 0.2 - 0.2 0.053
At - 49.2 - 187.1 49.2
D/6y - 0.25 - 0.25 0.063
d* - 62 - 235 59
+
Axt. 21.8 5.5 39 39 39
Ayt 0.93 0.93 0.94 0.94 0.94
+
AzZE 7.7 3.9 9.8 49 4.9
N;"“x 512 2048 1088 1088 1088
Ny 192 224 240 312 312
m N;n”x 128 256 384 768 768
Rer,imp 355 355 1226 1226 1226

Table 5.2: Case-dependent roughness geometric parameters and grid resolutions.

Figure 5.2, the grid is gradually coarsened in the streamwise and spanwise directions as the
distance from the wall increases. In the wall-normal direction, the mesh is progressively
stretched with a very mild stretching factor of 1.02. The adequacy of the grid resolution
and domain size for the two smooth wall cases was verified by Laguarda et al. (2024b)
through grid- and domain-sensitivity studies. For the rough wall cases, extra layers of
blocks are added to enclose the computational fluid domain below y = 0 and the grid is
locally refined to fully resolve the geometry and turbulent structures around the roughness
structure, see Figure 5.2. This mesh yields grid-converged results, as demonstrated for
the most challenging case, HR2, in Appendix A. Note that the shape of each sinusoidal
ridge is well-resolved with 12 cells. The spatial resolution parameters are summarized in
Table 5.2.

Other numerical methodology, including initialization from the inviscid shock-reflection
solution, transient integration period, statistical averaging procedure, probe placement,
and data sampling strategy, is identical to that described in Chapter 4. For brevity, these
details are not repeated here.

5.2. RESULTS AND DISCUSSION

5.2.1. INCOMING TURBULENT BOUNDARY LAYER

Before examining the interaction, we first analyze the state of the incoming turbulent
boundary layer upstream of the impingement point, which provides the physical basis
for understanding the subsequent STBLI dynamics. A probing station is placed 205,
upstream of the impingement point, away from the influence of downstream STBLI.
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Figure 5.3: Comparison of present LES (----) for the smooth wall case and DNS (0O) of Pirozzoli and Bernardini

(2011): (@) van Driest transformed mean velocity profiles and (b) density-scaled Reynolds stresses at My, = 2.0
and Re; =~ 1000.

Additionally, this station is located 126 downstream of the inflow plane, ensuring that the
turbulence has fully developed and reached an equilibrium state (Laguarda and Hickel,
2024a).

To better compare the characteristics of the incoming turbulent boundary layer over
smooth and rough walls, the shifted wall-normal coordinate Equation 4.1 in Section 4.2.1
is again applied here. For the smooth wall cases, y;/d¢ reduces to y/dy.

Figure 5.3 shows the van Driest transformed mean streamwise velocity profile and
density-scaled Reynolds stresses for the higher Reynolds number case S evaluated at
the streamwise location (x — X;,p)/ 60 = —20.0, which corresponds to a friction Reynolds
number Re; = 1000. The DNS data of Pirozzoli and Bernardini (2011) is also included
as areference. As observed, our LES results agree with the law of wall and the reference
DNS data, in both the inner layer and the log-law region. The Reynolds stresses from the
current LES are also in good agreement with the reference DNS data, particularly in the
region of peak streamwise stress. The slightly lower resolved Reynolds stresses in the outer
layer are expected in wall-resolved LES and are consistent with the use of coarser meshes
compared to the fully-resolved reference DNS. As shown in the grid-sensitivity study in
Appendix A, the quantities of interest exhibit negligible dependence on grid resolution.

The time- and spanwise-averaged van Driest transformed velocity profiles of the
rough walls are compared at the same probing station (x — X;;p)/89 = —20.0, in Figure 5.4.
Both low and higher Reynolds number cases with rough walls exhibit a profile downshift
compared to their smooth wall counterparts, which indicates a drag increase and mo-
mentum deficit because of the roughness. The downshift can be quantified using the
roughness function A(u)} , = <”>:D,s - (u);jD,R, where <”>:D,s and (u);D,R are the van
Driest transformed mean velocity profiles of the smooth and rough walls, respectively
(Chung et al., 2021). For LR, A(u)} , is found to be 1.81, while #R1 and HR2 exhibit
a larger downshift of 3.43 and 2.62, respectively. Consistent values of the roughness
function are obtained when the velocity profiles are evaluated separately at ridge and
valley locations, as shown in Figure 5.5. We note that the wall-normal coordinate is not
shifted here. The profiles collapse well from the logarithmic region outward, demonstrat-
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Figure 5.4: van Driest transformed velocity profiles of the incoming turbulent boundary layers of all the cases.
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Figure 5.5: Comparison of upstream boundary-layer velocity profiles at the ridge and valley locations for (a) low
Reynolds number cases and (b) high Reynolds number cases. Subscripts in the legend indicate ridge (r) and
valley (v).
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Case LS LR HS HRI1 HR2
H 3.02 3.49 2.97 3.24 3.02
Ayt - 1.81 - 3.43 2.62
(Cf) x 103 2.92 3.47 2.22 3.00 2.69
A(Cf)/(Cf}s - 18.88% - 34.95% 21.10%

Table 5.3: Summary of the shape factor H, roughness function, the skin-friction coefficients, and their relative
changes with respect to the smooth-wall reference cases.

ing outer-layer similarity across spanwise locations. This collapse outside the log layer
further indicates that the roughness function remains effectively unchanged between
the ridge and valley, which is also confirmed by Wu and Christensen (2007). In all cases,
the velocity at y* = 1 is noticeably higher in the valley region, owing to both the larger
physical wall-normal distance and the influence of the secondary flows that transport
high-momentum fluid downward into the valley.

The mean drag increase can also be quantified using the skin-friction coefficient (Cy)
measured at the probing station. For the rough walls with the same geometry in inner-
scaling, a drag penalty of around 20% is observed. We note that the wall shear is strongly
non-uniform in the spanwise direction: the ridge crests experience locally enhanced shear,
whereas the valleys exhibit reduced friction. For this reason, the spanwise-averaged skin-
friction coefficient (C¢) is computed using the total shear force over the projected wall
area. Because the actual wetted area of the rough wall exceeds that of the smooth wall,
this definition inherently yields a larger (C 22 Thus, the increase in (C 12 should not be
interpreted as a uniformly higher near-wall momentum. To further clarify this point, we
examine the shape factor H based on the spanwise-averaged velocity profile. For the
rough-wall cases, H is larger than in the smooth-wall baseline, consistent with a thicker
boundary layer. The corresponding values, together with their relative changes compared
with the smooth-wall reference cases, are listed in Table 5.3. Despite having equal wetted
areas, the increase of A(u)?; pin HR1 and HR2 indicates that the flow is more sensitive
to roughness at the higher Reynolds number. It is worth noting that a small dip appears in
the rough case profiles near the ridge crest, which is a consequence of intrinsic averaging.
Intrinsic averaging accounts only for the fluid volume fraction of cells intersected by the
geometry and inside the fluid domain, using these fractions as weights in the calculation
of flow statistics. This approach results in an abrupt change in the volume fraction integral
distribution, thereby causing the observed dip in the velocity profile and corresponding
Reynolds stress profiles.

Density-scaled Reynolds stress profiles 7;; = (p){u; u}) for the smooth-wall and rough-
wall cases are reported in Figure 5.6, where (-) denotes Reynolds averaging. The Reynolds
stresses are normalized by the local wall shear stress, which is calculated by integrating
the wall shear stress in the spanwise direction over the wetted area and then normalizing
it by the projected (planar) area. Across both Reynolds numbers, the smooth- and rough-
wall cases exhibit similar Reynolds-stress distributions in the outer layer, while marked
deviations appear near the wall. This behaviour is consistent with the observations of
Hwang and Lee (2018) for turbulent boundary layers over ridge-type roughness. The
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Figure 5.6: Density-scaled Reynolds stress profiles of the incoming turbulent boundary layer at (x — x;,) /60 =
—20.0 for smooth wall and rough wall cases.

magnitudes of 7,y and 7y, peaks reduce for the rough-wall cases compared with their
corresponding smooth-wall case, and their locations move away from the wall, which
suggests that the rough wall may reduce the momentum transfer from the outer part of
the turbulent boundary layer to the near-wall region. Profiles of LR and HR2, which
share the same geometric parameters in the inner scaling, agree well in the inner region
(within y{ =~ 30). This agreement suggests that the near-wall flow is primarily modulated
by the wall shape in inner scaling.

The mean vertical velocity distribution, shown in Figure 5.7(a) for all cases, highlights
the presence of streamwise vortices induced by the ridge-type roughness in all cases, i.e.,
upwash over the ridges and downwash in the valleys. This secondary flow structure is
consistent with roughness-induced secondary motions previously observed in turbulent
boundary layers and channel flows with ridge-type roughness (Stroh et al., 2020; Vander-
wel et al., 2019; Hwang and Lee, 2018). Such secondary flows diminish for case HR2 due
to the spatial constraints imposed by the small roughness structure.

The mean streamwise velocity (u) is presented in Figure 5.7(b). Comparing HS with
LS, it is observed that for HS, the high-speed flow approaches closer to the wall, and the
extent of the sonic region is reduced to approximately half of that in £S. All the rough wall
cases exhibit a significantly enlarged subsonic region compared to their corresponding
smooth wall counterparts. The increased subsonic height implies a thicker layer of low-
speed fluid that can more effectively transmit the adverse pressure gradient upstream
once the interaction sets in. As a consequence, the separation bubble that develops
downstream is predisposed to extend further and become larger than in the smooth-wall
baselines. In addition, the spanwise modulation associated with the ridge—valley pattern
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Figure 5.7: Mean flow (a) vertical velocity, (b) streamwise velocity, and (c) streamwise Reynolds stress distribution
in a cross-stream plane at (x — x; )/ 89 = —20. The sonic line is shown in lime. The rightmost column presents
the variable distributions within one roughness unit using inner scaling for #R2, for comparison with LR.
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generates pockets of low-momentum fluid over the valleys, which precondition the flow
for a locally weaker separation shock and a reduced pressure jump at those locations
once the interaction is established. These upstream modifications set the stage for the
altered separation structure and shock dynamics discussed in Section 5.2.2.

Furthermore, in HR1, the high-speed flow penetrates more deeply into the valleys
between ridges than in the LR case, despite both sharing the same rough wall geometry
in outer scaling. This behavior is attributed to a higher Reynolds number in 4R 1 and the
stronger downwash effect of the streamwise vortices. As a result, the sonic line in HR1
bends more closely along the wall surface. In contrast, for HR2, which shares the same
rough wall geometry in inner scaling, the sonic line largely remains relatively straight but
is displaced further from the wall compared to HS.

The streamwise Reynolds stress, shown in Figure 5.7(c), exhibits significant spanwise
variation in the rough-wall cases, with markedly reduced intensity in the valley regions.
This suggests that turbulence production is suppressed in these areas, and the near-wall
flow lacks sufficient momentum exchange to resist an imposed adverse pressure gradient.

5.2.2. INTERACTION REGION

Time-averaged pressure fluctuation distribution on the z = 0 plane is shown in Figure 5.8.
The shock system, sonic lines, and zero streamwise velocity lines are superimposed on the
contours to serve as a reference. The strongest pressure fluctuations are observed at two
distinct locations: near the impingement point of the oblique shock on the shear layer,
and in the vicinity of the separation shock, especially above the intersection between the
impinging and separation shocks. The amplification of pressure fluctuations in these
regions is primarily attributed to the inherent unsteadiness of the separation bubble and
the low-frequency oscillations of the separation shock. It is evident that the separation
shock emanates from deeper inside the incoming turbulent boundary layer for the higher
Reynolds number cases. Between the two smooth-wall cases, the low Reynolds case
LS exhibits a slightly more upstream mean separation bubble with a marginally longer
separation length. In addition, the front portion of its separation bubble is significantly
thinner, a feature also reported by Laguarda et al. (2024b). All rough-wall cases exhibit a
larger reversed-flow bubble compared to their corresponding smooth-wall cases in the
present z = 0 plane at the ridge-top location. Even more pronounced separation occurs
in the valley regions, which will be discussed in the following section.

Time- and spanwise-averaged wall surface variables along the streamwise direction
are displayed in Figure 5.9. The streamwise distributions of the mean skin-friction co-
efficient, in Figure 5.9(a), show an extended separation region for all rough wall cases
compared to the baseline smooth wall cases, regardless of the Reynolds number. The
spanwise-averaged separation and reattachment locations are reported in Table 5.4. The
upstream distribution of C¢ exhibits a consistent trend with the roughness function
A{u)} , across all the cases.

As shown in Figure 5.9(b), for all rough-wall cases, the onset of the interaction moves
upstream, accompanied by a reduction in the peak wall-pressure downstream of the
reattachment point, relative to their respective baseline configurations. It is worth noting
that the onset of interaction in 4R 1 is located approximately 26, upstream of that in
‘H'R2. This upstream shift may be attributed to two reasons. The first is the reduced and
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Figure 5.8: Time-averaged pressure fluctuation distribution at z = 0 plane. Solid line color legend: zero
streamwise velocity line (red), sonic line (lime) and shock system (black).

more outward-distributed 7, peak, which weakens the momentum transfer from the
outer boundary layer toward the near-wall region, thereby diminishing the flow’s ability
to resist separation. Second, an increase in the subsonic layer thickness leads to a longer
upstream influence length, as noted by Délery and Bur (2000).

Furthermore, as shown in Figure 5.9(c), the wall-pressure fluctuation for all cases
shows two peaks near the separation and reattachment points. The pressure fluctuation
peak near the separation point has approximately the same value for LS and HS; how-
ever, HS exhibits a sharper spike, because the separation-shock foot is located closer
to the wall at higher Reynolds number. More interestingly, results from HR1 and HR2
demonstrate that ridge-type roughness can reduce the wall-pressure fluctuation peak
in higher Reynolds number flows, achieving a reduction of up to 27%, which is signifi-
cantly greater than that observed for the low-Reynolds case LR. We also note that the
rough-wall cases exhibit a broader region of elevated wall-pressure fluctuations than the
baseline, owing to the enlarged interaction region. However, this does not necessarily
indicate a detrimental effect. In practice, different control strategies prioritize different
performance metrics—such as reducing peak unsteady loads, minimizing separation
length, or improving mean pressure recovery—depending on the specific application.
Importantly, the present roughness design achieves a substantial reduction in the peak
amplitude of the wall-pressure fluctuations, which is often the most critical metric for
engineering applications.

We observe that the reduction in peak pressure fluctuation is accompanied by a cor-
responding decrease in the peak pressure gradient in all rough-wall cases, as shown in
Figure 5.9(c, d), which suggests that rough-wall configurations mitigate peak pressure
fluctuations by lowering peak pressure gradients, independent of the Reynolds number.
This trend is consistent with the changes in the upstream boundary-layer topology dis-
cussed in Section 5.2.1. In particular, the enlarged subsonic region and valley-induced
low-momentum zones lead to a more gradual pressure rise, and consequently, a more
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Figure 5.9: Time- and spanwise-averaged (a) friction coefficient (b) wall-pressure (c) wall-pressure fluctu-
ation, and (d) wall-pressure gradient along the streamwise direction. Pentagon markers show the separa-
tion/reattachment location, and star markers represent the location of maximum pressure fluctuation.

diffused separation-shock foot. This finding also aligns with the principle proposed by
Brusniak and Dolling (1994), which emphasizes that minimizing fluctuating pressure
loads caused by low-frequency unsteadiness involves reducing the magnitude of the
streamwise pressure gradient. Our results also reveal that the peak of wall-pressure
gradient in the streamwise direction is significantly larger for higher Reynolds number
cases. Of particular interest is the observation that the peak wall-pressure fluctuation
coincides closely with the location of the maximum pressure gradient for these cases,
see Figure 5.9(d) and Table 5.4. In contrast, for the low Reynolds number cases, the
peak in pressure fluctuations is found downstream of the pressure gradient maximum.
This distinction suggests that wall-pressure fluctuations are predominantly related to the
shock motion at higher Reynolds numbers, whereas at low Reynolds numbers, both the
shock motion as well as turbulent structures contribute significantly to the wall-pressure
fluctuation peak.

The spanwise heterogeneous roughness significantly changes the distribution of the
reverse-flow region as reported by Wu et al. (2025b): for large ridge spacing, the mean
flow will reattach in the valley after a short secondary separation region; for the smaller
ridge spacing, the flow separation starts more upstream, showing a highly corrugated
mean separation line. In the present study, which employs a small ridge spacing, the
spatial distribution of the skin-friction coefficient projected onto a wall-normal plane,
see Figure 5.10, reveals that the separation region in the valley extends in both upstream
and downstream directions, with the upstream extension being more pronounced. For
LR and HR2 (which share geometric parameters in inner scaling), the separation front
exhibits a smoother, wider upstream protrusion in the valley region due to enhanced
viscous effects near the wall. In contrast, HR 1 displays a distinctive two-spike separation
front morphology, with the spikes precisely aligned at the ridge-valley corners. This
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Case LS LR HS HR1  HR2

(Xsep — Ximp) /0o -8.42 -10.84 -7.33 -9.96  -10.36
(Xarr — ximp)/50 1.10 2.45 1.89 2.86 2.56

(xp/max - ximp)/50 -7.14  -10.06  -8.53 -11.58 -10.16

(X9 pae — Ximp) /G0 -7.85 -10.61 -8.62 -11.70 -10.29

Lsep/Bo 952 1329 922 1282 1292
Asep! L2180 947 1343 920 1331 12.82
Vieo! L2/ 8% 146  3.19 243 422 349

9reu 7.52°  7.36° 7.85° 6.22° 6.57°
Odef 11.76° 10.68° 11.80° 10.47° 11.03°

Table 5.4: Summary of separation region characteristics for all cases. All locations are normalized by 6¢; Xsep,

Xatt, Xp!  XVpmax denote the streamwise coordinates of spanwise averaged mean separation, reattachment,
max

peak pressure fluctuation and peak pressure gradient, respectively; Lsep, Asep, and Vrey are the separation

length, area, and volume.

enhanced separation stems from corner flow effects: the wall shear stress diminishes
on both adjacent surfaces, resulting in a less momentum-rich boundary layer in these
regions. It can also be observed that in the smooth wall cases, the mean skin-friction
coefficient (C ) is homogeneous in the spanwise direction, whereas the rough wall cases
exhibit pronounced spanwise heterogeneity. A high absolute value of (C ), is observed
along the ridge, where the surface protrudes into the high-speed flow. In contrast, the
valley region exhibits lower absolute values of (Cy), as the flow there is decelerated by the
surrounding walls.

The spatio-temporal structures of the skin-friction coefficient are presented in Fig-
ure 5.11 to examine the unsteady dynamics of the separation bubble. Figure 5.11(a,b)
shows the evolution of Cy along the centreline (z = 0) for the smooth-wall cases at low
and high Reynolds numbers. The oblique streaks observed upstream and downstream
of the interaction correspond to the characteristic footprints of coherent structures
in the turbulent boundary layer. The separation and reattachment lines exhibit dis-
tinctly different temporal behaviours: the separation onset undergoes a relatively small,
gradual, and slowly varying streamwise excursion, whereas the reattachment point is
considerably more unsteady, with larger temporal excursions and a more intermittent,
higher-frequency signature. Compared with £S, the HS case displays a noticeably more
compact temporal pattern, leading to a smoother and better-aligned separation front.
Figure 5.11(c,e,g) and (d,f;h) show the spatio-temporal variation of Cy at the ridge and
valley locations for the three rough-wall cases. At the valley, C is consistently lower than
at the ridge both upstream and downstream of the interaction region. The separation
front at the ridge is more fragmented and exhibits larger streamwise excursions than
that at the valley, indicating stronger temporal intermittency. In addition, the separation
region at the valley extends further in both the upstream and downstream directions
compared with that at the ridge, consistent with the time-averaged separation structure.
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Figure 5.10: Spanwise periodical averaged local skin friction coefficient distribution projected on the horizontal
plane. Black lines denote the location where (C f) = 0. Note that the spanwise (z) direction is magnified by a
factor of 4 compared to the streamwise (x) direction.
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Figure 5.12: Close-up view of the probability distribution of spanwise-averaged reverse-flow region above y = 0.
The region of mean reverse-flow is contoured by the solid blue lines, and dividing streamlines are marked with
solid black lines. The green dashed lines show the isocontours of reverse-flow probability (y=0.01,0.5 and 0.8).

To further elucidate the structure of the reverse-flow, we next examine the spanwise-
averaged structure in the x-y plane, which reveals the internal organization of the sep-
aration bubble beyond what can be inferred from the surface-based (Cy) distributions.
The mean reverse-flow region can be identified either by the condition (#) < 0 or by a
reverse-flow probability y > 0.5, as illustrated in Figure 5.12. The shape of the separation
bubble derived from both criteria agrees well, although the latter yields a slightly larger
separation volume. Interestingly, for case LS, the separation bubble extends further
upstream with a notably shallow leading edge. This observation aligns with the findings
of Laguarda et al. (2024b), despite the use of an isothermal wall boundary condition in
their study. The rough wall cases exhibit a significantly larger reverse-flow area on the
x-y plane compared to their smooth wall counterparts. The angles of the reverse-flow
front edge Urey and the post-shock flow deflection 94, are summarized in Table 5.4.
These angles characterize the degree of outer flow deflection and serve as indicators of
separation shock strength. Notably, the separation bubble grows in size for all rough wall
cases, and bubble slope and deflection of the outer flow are reduced.

5.2.3. WALL-PRESSURE FLUCTUATION

While the time-averaged flow field provides a foundational understanding of the over-
all interaction characteristics, it offers only a partial picture of the complex dynamics
inherent to STBLI. In particular, the unsteady behavior near the separation-shock foot,
marked by low-frequency shock motions and broadband fluctuations, plays a crucial role
in shaping the instantaneous flow topology and directly impacts practical concerns such
as aeroelasticity and structural fatigue. As highlighted by Délery and Dussauge (2009), the
fluctuating nature of shock-induced interactions, despite their physical and practical sig-
nificance, had long remained underexplored and only began receiving focused attention
in recent decades (Dupont et al., 2006; Souverein et al., 2010; Laguarda et al., 2024b). A
closer examination of these unsteady features is therefore essential for advancing both
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Figure 5.13: Zoom-in view of pressure fluctuation distribution near the separation shock foot and shear layer
over the separation bubble. The black star denotes the location of the wall-pressure fluctuation peak near the
separation shock foot. The subsonic region is indicated by the lime line, while the reversed-flow bubble is
marked with a red line.

physical insight and predictive capability.

The spanwise-averaged pressure fluctuation field in the vicinity of the separation-
shock foot is shown in Figure 5.13. While previous observations based on Figure 5.8
indicate that the strongest pressure fluctuations occur near the apex of the separated
shear layer and along the separation shock above the intersection point between the
impinging and separation shocks, these disturbances are predominantly confined to the
outer part of the interaction region and have limited impact on the wall. As shown in
Figure 5.13, the two main contributors of pressure fluctuation at the separation shock
foot can be identified as the shock unsteadiness and shear layer dynamics for both low
and higher Reynolds cases. As discussed in Figure 5.2.2, the wall-pressure fluctuation
peak coincides with the wall-pressure gradient peak for the higher Reynolds cases and
is closely associated with the shock motion. We find that the wall-pressure fluctuation
peak is directly beneath the separation-shock foot in higher Reynolds flows. However, in
low Reynolds cases, the pressure fluctuation around the separation shock foot is smeared
out quickly when approaching the wall, while the pressure fluctuation coming from the
detached shear layer is stronger; thus, the location of the wall-pressure fluctuation peak
falls downstream of the separation shock foot.

The spatio-temporal variation of wall-pressure and wall-pressure fluctuations is
shown in Figure 5.14. Comparing the smooth- and rough-wall cases, it is evident that the
rough-wall configurations exhibit a more gradual pressure rise at the shock foot, consis-
tent with the weakened separation shock. The wall-pressure fluctuations at z = 0 (ridge),
shown in the middle column of Figure 5.14, reveal the clear footprint of the low-frequency
shock motion, characterised by large alternating positive and negative excursions in time
near the separation shock foot. The magnitude of these fluctuations is noticeably smaller
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HR2.
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Figure 5.15: Pre-multiplied power spectral density maps of wall-pressure signals along the center line. For the
rough-wall cases, this corresponds to the ridge crest. The red lines denote the separation and reattachment
locations, while the blue lines indicate the location of maximum pressure fluctuation.

for the rough-wall cases than for their smooth-wall counterparts, reflecting the suppres-
sion of shock strength by the spanwise heterogeneity. The higher-Reynolds-number cases
exhibit a sharper and shorter streamwise footprint of these fluctuations compared to that
in low-Reynolds-number cases, due to the more abrupt pressure jump associated with a
fuller incoming boundary layer. Downstream of the shock foot, thin alternating bands
of positive and negative fluctuations are observed; these structures correspond to the
advective footprints of pressure disturbances generated by vortical shedding from the
separated shear layer. The right column presents the spanwise-averaged results, in which
the large-scale patterns appear clearer and less contaminated by local spanwise variation.

To complement the spatial analysis, the frequency characteristics of the wall-pressure
fluctuations are investigated via spectral analysis. Pre-multiplied power spectral density
maps of wall-pressure signals collected at the ridge crest in the mid-plane show signif-
icantly stronger low-frequency content for the higher Reynolds cases, see Figure 5.15.
Similar to how LR attenuates the low-frequency content in low Reynolds STBLI flows,
rough walls in higher Reynolds interactions, especially HR2, exhibit attenuated low-
frequency content near Stz 5, = 0.05, the characteristic frequency of the low-frequency
unsteadiness in STBLIs. We also notice that the wall-pressure fluctuation peak is located
a bit downstream of the low-frequency content peak and overlaps with the location of
strong high-frequency content in low Reynolds number cases, which is consistent with
the results shown in Figure 5.13. On the other hand, the low-frequency content predomi-
nantly coincides with the peak wall-pressure fluctuation region for the higher Reynolds
cases.

To better quantify the reduction across different frequency components, we examine
the pre-multiplied spectra at the position of maximum wall-pressure fluctuation for all
the cases, as shown in Figure 5.16. As expected, there are two clearly distinct contributors
in the frequency domain, the low-frequency content with St;s., < 0.4 and the high-
frequency content with Stzs.p > 0.4.

The peak of the high-frequency content in the higher-Reynolds-number flows occurs
at Str,, = 10, whereas in the low-Reynolds cases the peak shifts to a lower value of about
3. This shift is associated with the fact that the location of maximum pressure fluctuation
in the low-Reynolds-number flows lies further downstream relative to the onset of interac-
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Figure 5.16: Pre-multiplied power spectral density of wall-pressure signals: (a) at the location of peak wall-
pressure fluctuations; (b) at (x — x;,p)/80 = 7.6 and —10.5 for LS and LR, respectively.

tion, where the characteristic frequencies of the amplified turbulence are reduced as the
shear-layer structures evolve. At the peak-pressure-fluctuation location in LS, the high-
frequency components constitute the primary contribution, while the low-frequency
motions play only a secondary role. The LR configuration diminishes energy across the
entire spectrum, with the most significant reduction occurring in the high-frequency
range. It is worth noting that the peak of the low-frequency content in both £S and LR
does not coincide with the location of the maximum pressure fluctuation, but instead
occurs slightly upstream, at (x — X;np)/60 = —7.6 and —10.5, respectively. Accordingly, the
spectra at these upstream locations are shown in Figure 5.16(b), demonstrating a clear
suppression of the low-frequency peak at Sz, ~ 0.05 in LR, together with a reduction
of spectral energy across the entire frequency range. For the higher-Reynolds-number
cases, it is evident from Figure 5.16(a) that #S exhibits the strongest low-frequency peak.
The introduction of spanwise heterogeneity reduces this component substantially: H7R1
weakens the peak noticeably, and HR2 suppresses it to less than one third of its origi-
nal magnitude in HS. The two rough-wall cases also introduce a mild reduction in the
high-frequency content, but its contribution remains relatively small compared with the
dominant low-frequency suppression.

To elucidate the respective roles of low- and high-frequency components in wall-
pressure fluctuations, and to assess the influence of ridge-type roughness, the filtered
wall-pressure signals from the numerical point probes at the ridge are examined. The wall-
pressure fluctuations at the valley are very similar to those at the ridge and are therefore
omitted here for brevity. The wall-pressure fluctuation obtained by integrating the power
spectral density function is shown in Figure 5.17(a). Since it is derived from signals at a
single spanwise location (z = 0) without any spanwise averaging, it contains more noise
than the pressure r.m.s. computed from the 3D flowfield. The ratio of spectral power in the
low- to high-frequency ranges, Figure 5.17(b), shows a clear influence of Reynolds number
on the spectral composition of wall-pressure fluctuations: in higher Reynolds flows, the
fluctuations near the separation shock foot are dominated by low-frequency components,
whereas in low Reynolds flows, high-frequency components prevail. Nevertheless, the
difference in Reynolds number has a negligible impact on the spectral composition in the
downstream regions of the separation-shock foot.
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Figure 5.17: (a) Wall-pressure fluctuation obtained by integrating the power spectral density, (b) the ratio of
spectral power in the low-frequency range (e.g. Stpsep < 0.4) to that in the high-frequency range (e.g. Stz sep >
0.4), (c) wall-pressure fluctuation attributed to the low-frequency content, and (d) wall-pressure fluctuation
attributed to the high-frequency content. Wall-pressure signals are collected from the numerical probes at the
ridge in the z = 0 plane. Pentagon markers show the spanwise-averaged separation and reattachment locations,
and star markers represent the location of maximum spanwise-averaged pressure fluctuation.

The streamwise distributions of wall-pressure fluctuations attributed to the low- and
high-frequency content are shown in Figure 5.17(c) and (d), respectively. Regardless
of Reynolds number, both the low- and high-frequency components of wall-pressure
fluctuations in rough wall cases exhibit a decrease compared to those in smooth wall cases.
This attenuation is particularly pronounced in the low-frequency range for the higher
Reynolds cases. For these cases, the overall peak in wall-pressure fluctuations appears
in the vicinity of the low-frequency maximum, consistent with the dominant role of low-
frequency dynamics near the separation shock foot. In contrast, for low-Reynolds-number
flows, the peak shifts closer to the high-frequency maximum, reflecting the enhanced
contribution of high-frequency components in that regime. A closer examination reveals
that, for all cases, the peak of high-frequency pressure fluctuations consistently appears
downstream of the low-frequency peak in the streamwise direction, which explains the
observation in Figure 5.9(d) that the wall-pressure fluctuation peak is located downstream
of the mean wall-pressure gradient peak in the low Reynolds cases. It is interesting to
notice that, compared to HR2, HR1 exhibits a smaller reduction in the low-frequency
components but a larger reduction in the high-frequency components. Consequently, the
overall reduction in wall-pressure fluctuations is comparable between these two cases.

The analysis reveals that wall-pressure fluctuations originate from two distinct mech-
anisms: (1) low-frequency components associated with the separation shock motion
(dominant in high-Reynolds-number flows) and (2) high-frequency components gen-
erated by shock-amplified shear-layer turbulence (governing in low-Reynolds-number
regimes). Ridge-type roughness effectively attenuates both spectral components, with
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particularly pronounced suppression of low-frequency wall-pressure fluctuations in the
higher Reynolds conditions, demonstrating enhanced flow control efficacy at elevated
Reynolds numbers.

5.2.4. LOW-FREQUENCY UNSTEADINESS
The previous analysis highlights the prominent role of low-frequency unsteadiness in
wall-pressure fluctuations, especially at higher Reynolds numbers; accordingly, we now
focus on the dynamics of this low-frequency unsteadiness in the higher Reynolds cases
and the influence of ridge-type roughness on it.

The time variations of the reversed-flow bubble volume signals for the higher Reynolds
number cases (HS, HR1, and HR2) are shown in Figure 5.18(a), together with their
respective spectral content in Figure 5.18(b). The bubble volume signals for these three
cases all exhibit aperiodic fluctuations with a local peak in spectra around S, = 0.04 -
0.06 which is the characteristic frequency for low-frequency unsteadiness, despite the
presence of several additional peaks at higher frequencies around St,,, = 0.10 - 0.20.
This observation aligns with the findings of Morgan et al. (2013) and Laguarda et al.
(2024b), which indicate that the low-frequency unsteadiness (S oy < 0.1) of the bubble
volume is primarily associated with the expansion and contraction of the recirculation
region, while the dominant contributors to the signal variance are the higher-frequency
(Str,,, = 0.1-0.2) flapping motions of the shear layer.

The time histories of the spanwise-averaged wall-pressure and separation shock
location fluctuations are presented in Figure 5.19 and Figure 5.20, respectively. The
instantaneous wall-pressure signal is extracted at the location of maximum wall-pressure
fluctuation, as discussed in Section 5.2.3, while the instantaneous shock location is
determined from three-dimensional snapshots by identifying the local maximum of the
density gradient (|Vp|) within a wall-normal plane at y = 2.09y, as illustrated in Figure 5.21.
The wall-pressure and shock-location signals exhibit a high degree of similarity in shape
but with opposite trends, indicating that higher wall-pressure fluctuations correspond
to upstream shock motion, and vice versa. Consequently, the PSDs of wall-pressure and
shock location for all three cases display nearly identical spectral characteristics, with a
pronounced peak occurring in the low-frequency range around Sz, = 0.04 - 0.05.

The cross-correlations between the fluctuations of reversed-flow bubble volume,
wall-pressure and separation shock location were computed, and their cross-correlation
coefficients and corresponding time lags are summarized in Figure 5.5. As shown in the
table, the wall-pressure and reversed-flow volume are quite strongly positively correlated,
with maximum correlation coefficients R, in the range of 0.61-0.72 and a positive time
lag, indicating that the growth of the reversed-flow bubble precedes a pressure rise at the
separation shock foot. Notably, HS exhibits the shortest time lag, whereas #R1 shows
the longest, which can be attributed to the greater distance over which disturbances in
the bubble must propagate from roughly the center of the separation bubble to the point
of maximum wall-pressure fluctuation.

In addition, the spanwise-averaged separation shock location and wall-pressure sig-
nals exhibit a very significant negative correlation with |R;,4,| up to at least 0.94. This
high correlation aligns with the pronounced similarity in the temporal evolutions of the
wall-pressure and shock location signals. The time lags between the above two signals are



5.2. RESULTS AND DISCUSSION 101

(a) (b)

0.0

0 500 1000 1500 2000 2500 3000 3500 10° 102 10" 10°
(t—to)uco/do Str,

Figure 5.18: (a) Time evolution of the normalized reversed-flow volume fluctuations, and (b) corresponding
pre-multiplied and normalized PSD of the signals: (i) HS; (il) HR1; (iii)) HR2.

approximately 2.50(/ U, for all three cases, which is attributed to the similar propagation
distance from the wall to the mean shock location at y = 2.06 plane. A set of characteris-
tic lines near the shock foot is extracted from the mean flow field, delineating the right
boundary of the domain of dependence of the mean shock at y = 2.00y, as illustrated
in Figure 5.21. The integration time along the characteristic line emanating from the
sonic line and passing above the point of wall-pressure fluctuation peak is 2.57, 2.54,
and 2.56 for the cases HS, HR1, and HR2, respectively. These integration times closely
match the corresponding correlation time lags, thereby supporting the reliability of the
correlation-based time lag estimation. The observed positive time lag also indicates that
wall-pressure fluctuations at the shock foot precede the shock motion, suggesting that
the commonly used phrasing—stating that low-frequency shock excursions cause pres-
sure fluctuations near the shock foot—may be an oversimplification, despite the widely
acknowledged understanding that the separation-shock results from the coalescence of
compression waves that deflect the mean flow. This phenomena also agree with Erengil
(1993), who found that the oscillation of the separation point precedes the movement of
the separation shock.

Based on the above analysis, it is evident that three key physical quantities involved in
the low-frequency unsteadiness of STBLI follow a distinct temporal sequence as shown
in Figure 5.21: the evolution of the reversed-flow bubble precedes the wall-pressure
fluctuations at the separation shock foot, which in turn drive the motion of the separation
shock. Therefore, it is not surprising that the separation shock location also exhibits
a strong correlation with the reversed-flow bubble volume, accompanied by a larger
time lag compared to that of the wall-pressure, as shown in Figure 5.5. The observed
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Figure 5.19: (a) Time evolution of the spanwise-averaged wall-pressure fluctuation at the location of its maxi-
mum amplitude, and (b) corresponding pre-multiplied and normalized PSD of the signals: (i) HS; (i) HR1;

(iii) HR2.

(b)

500

1000 1500 2000 2500 3000 3500

(7= 10)us0/0

b

107

10" 10°

Sty

107

Figure 5.20: (a) Time evolution of the spanwise-averaged separation shock location at y = 2.0 &g, and (b)
corresponding pre-multiplied and normalized PSD of the signal: (i) HS; (il) HR1; (iii)) HR2.
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WPvsRFV SL vs WP SL vs RFV

Rinax(HS) 0.72 -0.97 -0.72
Rmax(HR1) 0.61 -0.96 -0.61
Rmax(HR2) 0.67 -0.94 -0.68
Lag(HS) 8.27 2.68 12.22
Lag(HR1) 14.99 2.28 21.47
Lag(HR2) 11.61 2.50 17.10

Table 5.5: Maximum (positive or negative) cross-correlation coefficient Rmax and time lag (At - uxo /() between
reversed-flow volume (RFV), wall-pressure fluctuation (WP), and shock location (SL) fluctuation in the HS,
HRI, and HR2.
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Figure 5.21: Schematic of the relations between reversed-flow, wall-pressure, and separation shock location.
Dotted lines indicate the characteristic lines (the orange line indicates the characteristic line emanating above
the point of maximum wall-pressure fluctuation), and solid green and red lines represent the sonic and separa-
tion lines, respectively.
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correlation between the separation shock location and the reversed-flow bubble volume
is consistent with the findings of Wu and Martin (2008) and Laguarda et al. (2024b).

We also find that the time lag between the reversed-flow bubble volume and either
the wall-pressure at the shock foot or the shock location increases almost linearly as
the mean shock position shifts further upstream in the two rough-wall cases, HR2 and
‘HR1. This trend is consistent with the downstream influence mechanism, wherein
acoustic disturbances require a longer upstream propagation time to reach the shock foot.
Accordingly, the presence of roughness increases the time lag between changes in the
reversed-flow region and the shock motion, primarily due to the extended propagation
path induced by the upstream extension of separation.

5.2.5. SECONDARY FLOW STRUCTURES DOWNSTREAM OF REATTACHMENT
From the above analysis, we provide compelling evidence supporting that a so-called
downstream mechanism is responsible for the large-scale low-frequency shock motion.
This is also aligned with Grilli et al. (2012) and Clemens and Narayanaswamy (2014) in
the sense that STBLI with a large separation bubble is mainly driven by a downstream
mechanism. Priebe et al. (2016) and Pasquariello et al. (2017) argue that Gortler-like
vortices may play a key role in driving the low-frequency variation of the separation
bubble size. Laguarda et al. (2024b) also reported the presence of large-scale streaky
structures, characterized by alternating low- and high-speed streamwise velocity streaks,
originating near the separation shock foot and convecting downstream. In line with these
findings, we observe the footprint of large-scale vortical structures downstream of the
fragmented reattachment line, as shown in Figure 5.22. Animations corresponding to
this figure are available in our data repository (Wu et al., 2025a). These structures have
a characteristic width on the order of the boundary layer thickness, exhibit vigorous
swirling motion and lateral oscillations, and evolve into alternating streaks of high and
low skin-friction.

To better investigate the dynamics of these vortices, a modal analysis was carried out
using Sparsity Promoting Dynamic Mode Decomposition (SPDMD) based on 4101 two-
dimensional snapshot slices of the flow field extracted from the (x — x;;,) /60 = 8 plane,
spanning a time interval of fu,/8¢ = 4000 and sampled at a non-dimensional frequency
of fs60/ U = 1.0. The resulting frequency resolution spans the range of 2.5x 10~ < St5, <
0.5. SPDMD enhances the interpretability of DMD by promoting sparsity in the mode
selection process, automatically identifying the dynamically most relevant modes from
the full DMD spectrum. By tuning the regularization parameter of the SPDMD algorithm,
35 modes are retained for each case.

Similar modes structures were also observed in the low-Reynolds-number cases, with
qualitatively consistent behavior. Therefore, for brevity, only the results for the high-
Reynolds-number cases are presented. The modal amplitudes v;, which are normalized
by the mean mode amplitude, are shown in Figure 5.23. Considering the symmetric
distribution of DMD modes, only the positive-frequency components are presented. A
first observation for cases HS and HR2 is that SPDMD selects modes in a frequency
range starting at approximately Sz, = 0.06, which is a bit higher than the typical low-
frequency unsteadiness range. In contrast, modes at lower frequencies are selected by
SPDMD for case HR1. Note that several very-low-frequency modes (e.g. the mode at
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Figure 5.22: Instantaneous skin friction distribution of case (a) HS; (b) HR1; (c) HR2. Black lines denote the
region of reverse flow.

Str, = 0.003) appear in the SPDMD results. However, because their frequencies lie
near the resolution limit of SPDMD and may not be statistically robust, we refrain from
assigning physical significance to these very-low-frequency features.

Figure 5.24 shows representative modes shapes for cases HS, HR1 and HR2, corre-
sponding to frequencies of Stz , = 0.079,0.023,0.056, respectively. Visualized as contours
of the three velocity components, the modes reveal the presence of coherent streamwise
vortices. For example, the first column of Figure 5.24 shows the mode structure of case
‘HS, where the streamwise velocity fluctuation u exhibits alternating low- and high-speed
streaks, consistent with the upwash and downwash patterns in the wall-normal velocity
v. Taking into account the spanwise velocity w, two pairs of counter-rotating vortices can
be easily identified in the modes of HS and HR2. In contrast, the selected low-frequency
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Figure 5.23: Normalized amplitudes (black lines) of all the positive DMD modes at (x — X;;p)/60 = 8 from (a)
HS, (b) HR1, and (c) HR2. Red lines indicate an SPDMD subset of 17 positive modes.
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Figure 5.24: Real part of a representative low-frequency mode from HS (Sthep =0.079), HR1 (Sthep =0.023),
and HR2 (S thep =0.056): (a, b, ¢) streamvise velocity; (d, e, f) vertical velocity; (g, h, i) spanwise velocity, at
(x=X;mp)/60 = 8. The contours are plotted in arbitrary units (normalized by the maximum mode amplitude).
The arrows superimposed in (d,g) indicate the orientation of the velocity fluctuations from the selected mode.

mode of 7R 1 only exhibits one pair of such vortices. However, several higher-frequency
modes, e.g., at S i1, = 0.156, recover the two-pair structure. Despite these differences,
the consistent presence of these vortices across all cases suggests that their formation is
largely unaffected by the investigated roughness geometries.

These structures align with the Gortler-like vortices previously reported by, e.g., Priebe
et al. (2016), Pasquariello et al. (2017), and Laguarda et al. (2024b). In our DMD of our
present simulations, they are observed over a broad frequency range that extends well
above the typical low-frequency unsteadiness of STBLI. Therefore, our results neither
confirm nor rule out a causal relationship between the two phenomena, as stated in a
previous work (Laguarda et al., 2024b).

5.3. CONCLUSION

This chapter has explored the effects of spanwise heterogeneous streamwise-aligned
ridge-type roughness on STBLI at both low and high Reynolds numbers systematically.
Two classes of rough surfaces were considered, designed to maintain consistent geometric
characteristics under either inner or outer scaling, and their effects were compared to
smooth-wall baselines under identical flow conditions.

The results demonstrate that ridge-type roughness substantially alters both the mean
and unsteady flow characteristics of STBLI. Roughness-induced secondary flow in the
form of streamwise vortices is observed in the upstream boundary layer. These structures
do not appear to directly influence wall-pressure fluctuations near the separation-shock



5.3. CONCLUSION 107

foot. Instead, the secondary flow modulates the upstream momentum transport and the
roughness increases the thickness of the subsonic region, thereby influencing the onset
and extent of separation. The rough surfaces also incur a moderate drag penalty, with
mean skin-friction coefficients increased by approximately 20% relative to the smooth-
wall baselines, consistent with the downward shift of the van Driest-transformed velocity
profile.

The comparison between the low-Reynolds-number rough-wall case and the two
high-Reynolds-number rough-wall configurations provides guidance for scaling ridge-
type roughness with Reynolds number. The inner-scaled high-Reynolds-number con-
figuration, HR2, preserves the roughness dimensions in viscous units and therefore
maintains a flow organisation more closely resembling that of the low-Reynolds-number
rough-wall case, LR. In particular, both cases exhibit similar near-wall modulation, a
relatively weak secondary flow compared with HR1, and comparable overall control
effects on the separation-shock-foot pressure fluctuations. By contrast, the outer-scaled
configuration, HR 1, preserves the roughness dimensions relative to the boundary-layer
thickness, but this corresponds to substantially larger roughness dimensions in viscous
units at high Reynolds number. As a result, HR1 produces stronger secondary motions,
a more pronounced spanwise distortion of the incoming boundary layer, a larger drag
penalty and a more strongly modified separation topology. These differences indicate
that, for the present ridge-type roughness, maintaining inner-scaled geometric similarity
is more effective than maintaining outer-scaled geometric similarity in preserving the
low-Reynolds-number control behaviour when Reynolds number is increased.

We also identified that wall-pressure fluctuations near the separation shock foot con-
sist of a low-frequency component associated with shock motion and a high-frequency
component associated with shear-layer turbulence, and their relative contributions vary
with Reynolds number: at low Reynolds number, the high-frequency component pre-
vails, whereas at higher Reynolds number, the low-frequency component becomes dom-
inant. Our spectral analysis showed that roughness effectively suppresses both low-
and high-frequency components of wall-pressure fluctuations, with the suppression of
low-frequency dynamics being more pronounced at higher Reynolds numbers.

This enhanced attenuation is linked to a more diffused shock foot produced by the
less-full incoming turbulent boundary layer and the subsonic flow region within the
valleys. As a result, the streamwise pressure gradient at the wall is weakened in regions
of strong shock unsteadiness, thereby reducing the amplitude of the associated low-
frequency fluctuations. At the moderately high Reynolds number, rough walls lead to a
notable reduction of up to 27% in peak wall-pressure fluctuations.

The cross-correlation analyses established a clear temporal sequence in the low-
frequency dynamics: expansion of the reverse-flow bubble precedes wall-pressure build-
up, which in turn drives the motion of the separation shock. This temporal ordering
supports a downstream-influence mechanism for low-frequency unsteadiness. Moreover,
dynamic mode decomposition confirmed the presence of large-scale, Gortler-like vortices
at reattachment in all cases. These vortices are observed over a wide range of modal
frequencies, and they appear largely insensitive to variations in the roughness geometry.

Overall, the findings suggest that spanwise heterogeneous roughness — if properly de-
signed — can serve as a robust and passive method to mitigate wall-pressure unsteadiness
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over a broad range of frequencies in high-speed flows, albeit at the cost of a moderate drag
increase. The results provide new physical insight into the interplay between roughness,
Reynolds number effects, and low-frequency STBLI dynamics, and highlight the potential
of roughness-based flow control for supersonic vehicles.
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6.1. CONCLUSIONS

This thesis has investigated the passive control of a Mach 2.0 impinging STBLI using
spanwise-heterogeneous roughness. High-fidelity wall-resolved large-eddy simulations
were employed to examine how different roughness configurations, including ridge-type
roughness and convergent—divergent riblets, modify the mean flow organization and the
unsteady characteristics of the interaction. Particular emphasis was placed on the role
of roughness-induced secondary flows in reshaping the incoming turbulent boundary
layer and on the resulting attenuation of wall-pressure fluctuations in the vicinity of the
separation shock foot.

Convergent-divergent (C-D) riblets act as a vortex generator with limited protrusion
into the high-speed flow and are capable of inducing counter-rotating vortices within
the turbulent boundary layer upstream of the interaction region. These vortical struc-
tures are expected to locally energize the incoming boundary layer and thereby mitigate
shock-induced separation. However, the energization of the boundary layer is highly
non-uniform in the spanwise direction. While the boundary layer is locally energized at
the divergent lines (DLs), low-momentum fluid is lifted away from the wall at the con-
vergent lines (CLs), resulting in a less full spanwise-averaged mean streamwise velocity
profile and an enlarged subsonic region upstream of the interaction. As a consequence,
the separation topology is significantly reshaped by the induced secondary flow, with
separation being suppressed near the DLs and promoted near the CLs. The modified
spanwise-averaged incoming boundary layer exhibits a reduced momentum near the
wall, which leads to a smeared shock foot and an attenuation of the low-frequency un-
steadiness. The spanwise heterogeneity of the wall-pressure fluctuations is primarily
attributed to the lifting of the shear layer away from the wall at the CLs by the secondary
flow.

Nevertheless, by analogy with MVGs, the performance of C-D riblets may depend on
the installation location, and a pressure drag penalty is unavoidable with this geometry.
Motivated by these considerations, ridge-type roughness is explored as an alternative
strategy, as its streamwise-homogeneous geometry permits large-area deployment while
potentially mitigating the location sensitivity associated with localized riblet patches.

Ridge-type roughness can also induce Prandtl’s secondary flows of the second kind,
which arise from the imbalance between the local production and viscous dissipation of
turbulent kinetic energy, and are characterized by upwash over the ridges and downwash
within the valleys. When the ridge spacing is relatively large, the induced secondary flow
is sufficiently strong to energize the incoming boundary layer and suppress separation
in a manner similar to that observed near the DLs of the C-D riblets. In this case, the
subsonic region is not significantly enlarged near the ridge crests, leading to a reduced
separation extent but relatively higher wall-pressure fluctuations due to the locally ener-
gized boundary layer. When the ridge spacing is reduced, for example to D/§ = 0.25, the
secondary flow becomes weaker due to spatial constraints and the above effects caused by
the induced secondary flow diminish. However, the presence of deeper valleys increases
the subsonic region in the incoming turbulent boundary layer, analogous to the effect of
the upwash induced by the C-D riblets. As a result, the boundary layer becomes less full,
the separation shock foot is smeared, and the wall-pressure fluctuations are attenuated,
partly due to a reduction in the streamwise wall-pressure gradient. Increasing the ridge
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height, or equivalently the valley depth, produces a similar attenuation of wall-pressure
fluctuations by further enlarging the subsonic region and reducing the fullness of the
incoming turbulent boundary layer.

The control effectiveness of ridge-type roughness was further validated at higher
Reynolds numbers, where an even stronger attenuation of wall-pressure fluctuations
was observed. Reynolds number governs the relative contribution of low-frequency
components to wall-pressure fluctuations near the separation shock foot in STBLI. At
higher Reynolds numbers, the low-frequency component associated with separation-
shock unsteadiness becomes dominant, and the roughness-induced modification of the
incoming boundary layer remains effective in smearing the shock foot and reducing the
wall-pressure gradient, resulting in the attenuation of wall-pressure fluctuation at the
separation shock foot. In addition, a clear correlation between the separation bubble
size, the wall-pressure fluctuations near the shock foot, and the shock motion was estab-
lished, providing support for the downstream influence mechanism of low-frequency
STBLI unsteadiness in flows with large separation bubbles. Large-scale, low-frequency
Gortler-like vortices were identified downstream of the interaction region using sparsity-
promoting dynamic mode decomposition. While these structures are likely related to the
low-frequency unsteadiness of the separation bubble, no causal relationship could be
established within the scope of the present study.

Based on the common feature observed in both the C-D riblets and ridge-type rough-
ness cases, namely their ability to modify the subsonic region of the incoming turbulent
boundary layer, it can be inferred that the extent of the subsonic region plays a key role
in modulating the low-frequency dynamics of STBLI. A larger subsonic region enhances
upstream-downstream communication across the shock, thereby weakening the shock
strength and reducing the associated low-frequency loads. Although both roughness con-
figurations can also locally energize the boundary layer, the present results indicate that
energization of the incoming turbulent boundary layer is neither necessary nor sufficient
to suppress low-frequency unsteadiness when large-scale separation occurs. Instead,
such energization tends to produce a fuller boundary layer and a sharper shock, which in
turn intensify the low-frequency unsteadiness. These findings suggest that no passive
control strategy is universally optimal with respect to all SWBLI metrics simultaneously.
Depending on the roughness configuration, separation extent and shock-induced pres-
sure fluctuations may exhibit competing trends. Therefore, the effectiveness of passive
control should be evaluated relative to specific engineering objectives rather than a single
indicator such as separation size alone.

Overall, this thesis has systematically investigated the control effects of spanwise-
heterogeneous roughness on impinging shock-wave/turbulent boundary-layer inter-
actions. The results reveal the central role of roughness-induced secondary flows in
modifying the incoming turbulent boundary layer and, in turn, the mean and unsteady
characteristics of STBLI. It is demonstrated that spanwise-heterogeneous roughness,
if properly designed, can serve as a robust and purely passive approach to mitigating
wall-pressure unsteadiness over a broad range of frequencies in high-speed flows, albeit
at the cost of a moderate increase in drag.
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6.2. OUTLOOK

The present study has demonstrated the effectiveness of ridge-type roughness in miti-
gating wall-pressure unsteadiness in impinging STBLI over adiabatic walls. While these
results provide a clear indication of the control potential of ridge-type roughness, several
related aspects remain worthy of further investigation in order to broaden the under-
standing and assess their applicability under more general conditions.

One key open question concerns the impact of ridge-type roughness on wall heat
transfer. STBLI is well known to generate severe unsteady thermal loads in the interaction
region (Bernardini et al., 2016; Fu et al.,, 2021), and both the magnitude and location
of the peak heating are difficult to predict (Dolling, 2001). This often represent a pri-
mary design constraint for high-speed vehicles. In canonical turbulent boundary layers,
the Reynolds analogy suggests a close correspondence between skin friction and heat
transfer, as both are governed predominantly by near-wall turbulent transport. Under
such shear-dominated conditions, modifications of the incoming boundary layer by
aligned ridge-type roughness may therefore be expected to induce comparable changes
in wall heat flux, as suggested by the DNS study from Stroh et al. (2020). However, in
the STBLI interaction region the flow is strongly non-equilibrium and characterized by
intense adverse pressure gradients and pressure-drag contributions, which may weaken
this correspondence. While the present results indicate a clear attenuation of pressure
fluctuations, it remains unclear whether the associated modification of the incoming
boundary layer and shock structure would alleviate or exacerbate the local and unsteady
heat-transfer rates. A systematic investigation of both mean and fluctuating wall heat
fluxes is therefore necessary to assess whether ridge-type roughness can provide a net
benefit from a thermo-structural perspective. Within the current research framework,
such an investigation can be readily performed by imposing an isothermal wall bound-
ary condition. A complementary avenue worthy of exploration is the conjugate heat
transfer approach, wherein solid-phase thermal conduction may redistribute spatially
localised heat loads imposed by ridge-type roughness, thereby modifying the effective
thermo-structural response of the surface.

Another important direction for future research is the extension of the present findings
to more realistic internal-flow configurations, such as high-speed inlets, where the flow
is confined by multiple walls (Bermejo-Moreno et al., 2014). In such environments, the
thickening of a less full boundary layer induced by ridge-type roughness may influence the
effective flow area, the mass flow rate, and the overall inlet performance. In particular, the
net effect on total pressure recovery remains unclear, as the increase in wall friction due
to surface roughness may compete with the reduction of shock-induced losses associated
with a smeared shock system (Smith et al., 2002; Wu et al., 2025b). Quantifying this
trade-off requires integrated assessments that consider boundary-layer development,
shock dynamics, and global performance metrics in channel or duct flows.

Experimental studies would provide valuable complementary insight into the effects
of ridge-type roughness on STBLI. Ridge-type roughness features a simple geometry that
can be readily manufactured using conventional machining or additive manufacturing
techniques, making it well-suited for wind-tunnel experiments. While Deyn et al. (2022a)
quantified the effect of ridge-type roughness on skin friction in wind-tunnel experiments,
and Wen et al. (2024) examined herringbone riblets in a Mach 2 STBLI, experimental
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evidence regarding the influence of ridge-type roughness on STBLI remains lacking.
Carefully designed experiments could provide additional confirmation of the predicted
mean and unsteady flow features, while also enabling the exploration of higher Reynolds
numbers and more complex flow conditions that remain challenging for wall-resolved
simulations. Such combined numerical and experimental efforts would represent an
important step toward assessing the feasibility of ridge-type roughness as a robust passive
control strategy for STBLI.

Finally, the effectiveness of spanwise heterogeneous roughness may depend on the
Mach number, as compressibility effects, shock strength, and boundary-layer structure
vary substantially across subsonic, transonic, supersonic and hypersonic regimes. A
systematic assessment of Mach-number dependence would therefore be valuable in
clarifying the robustness of the control mechanism.







GRID INDEPENDENCE STUDY

A grid-independence study was conducted to examine the sensitivity of the results to
spatial resolution. The assessment was performed separately in the streamwise and
spanwise directions: the streamwise refinement is based on case HS, while the spanwise
refinement is based on case HR2. A summary of the grid parameters and key outcomes
is provided in Table A.1.

For the streamwise refinement, case HSy, doubles the number of cells in HS in the
streamwise direction, reducing Ax; . from 39 to 19.5. This refinement confirms that
the streamwise resolution is adequate for the present LES. The velocity and Reynolds
stresses profiles of the upstream turbulent boundary layer at (x — x;,5) /6 are compared
in Figure A.1. The LES results from HS and HS,, both agree well with the reference
DNS data, except slight deviation of streamwise Reynolds stress in the log region, where
‘HS x2 slightly improves the agreement. This small deviation may result from the grid
sensitivity of wall-resolved LES in the log region. Since the peak location and magnitude
of u'u' largely remain unaffected, this observed discrepancy does not compromise the
reliability of the present conclusions. The influence of streamwise grid resolution on the
STBLI is illustrated in Figure A.2. The mean skin-friction coefficient, wall-pressure, and
wall-pressure-gradient distributions are largely unaffected, except for a slightly earlier
onset of the interaction region. A small discrepancy in pressure fluctuations is observed
in the interaction region, which is attributed to the highly aperiodic nature of the STBLI
and limited statistical sampling time. Overall, these results indicate that the streamwise
resolution used in the baseline grid is adequate for capturing both the mean and unsteady
features of the interaction.

For the spanwise refinement, case HR2;, doubles the number of cells in HR2 in
the spanwise direction, reducing Az . from 4.9 to 2.45—well below the typical require-
ment for LES—and increasing the number of cells per ridge from 12 to 24. This ensures
that the rough-wall geometry is very well resolved. The upstream turbulent boundary
layer profiles are compared in Figure A.1, where the mean velocity and Reynolds-stress
components exhibit excellent agreement. Figure A.4 further shows that the mean skin-
friction coefficient, wall-pressure, and wall-pressure-gradient distributions are virtually
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Case HS HS 2 HR2 HR2,
Grid resolution
Axh. 39 19.5 39 39
Ayt 0.94 0.94 0.94 0.94
Azl 9.8 9.8 49 2.45
Grid number
Npax 1088 2176 1088 1088
Ny 240 240 312 312
Nex 384 384 768 1536
run-time(8y/ Uoo) 3997 3997 3997 1333
TBL statistics
max((u);d) 2478  25.04 (+1.0%) 22.53  22.58 (+0.2%)
max({p){u' u'y /1) 8.34 8.16 (-2.2%) 5.72 5.79 (+1.2%)
Crx10° 222 218(-18%)  2.69 2.59 (-3.7%)
STBLI statistics
Lsep/0o 9.22 9.18 (-0.4%) 12.92 12.96 (+0.3%)

max(\/{(p'p)/po)  0.0857 0.0809 (-5.6%) 0.0623 0.0625 (+0.3%)
max(£P2 /B2y 0537 0526(-2.0%)  0.382 0396 (+3.7%)

Table A.1: Numerical parameters and results of the grid independence study. Baseline cases are HS and HR2,
respectively. Percentage deviations from the baseline cases are reported in brackets.
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Figure A.1: Streamwise grid sensitivity study of the upstream turbulent boundary layer: (a) van Driest-
transformed mean velocity profiles and (b) density-scaled Reynolds stress components. The baseline case HS
is shown as a solid red line, and the refined case HS y2 as a blue dashed line. Reference DNS data from Pirozzoli
and Bernardini, 2011 are shown as squares.
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Figure A.3: Spanwise grid sensitivity study of the upstream turbulent boundary layer: (a) van Driest-transformed
mean velocity profiles and (b) density-scaled Reynolds stress components. The baseline case 7R 2 is shown as
a solid red line, and the refined case HR2;, as a blue dashed line.
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Figure A.4: Spanwise grid sensitivity study of the interaction region: streamwise distributions of (a) skin friction
coefficient, (b) wall-pressure, (¢) wall-pressure fluctuation, and (d) wall-pressure gradient. The baseline case
HR2 is shown as a solid red line, and the refined case H7R2,» as a blue dashed line.

unchanged. A slight discrepancy in wall-pressure fluctuations is observed upstream of
the reattachment point, which is expected due to the unsteady nature of the interaction.
Overall, the results confirm that the spanwise resolution used in the baseline simulation
is sufficient.
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