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Abstract

Surface imperfections on laminar aircraft surfaces, such as panel joints and discontinuities, can strongly
modify boundary-layer stability. Sharp-edged rectangular bumps (SERBs) combine two widely studied
surface features, the Forward-Facing Step (FFS) and a Backward-Facing Step (BFS), and provide a
useful geometry for examining how step-induced mean-flow distortion and separation affect the devel-
opment of Tollmien-Schlichting (TS) waves. However, previous studies on similar bump shapes have
mostly considered a single incoming TS-wave amplitude, leaving the dependence of the SERB-induced
boundary-layer response on incoming T'S-wave amplitude insufficiently resolved.

To investigate how the boundary-layer response to a SERB depends on the amplitude of an incom-
ing forced TS wave, this work combined numerical stability analysis with experiments performed on
an unswept flat plate in the low-turbulence environment of the anechoic wind tunnel (A-tunnel) at
TU Delft. Dielectric-Barrier Discharge (DBD) plasma actuators were used to force single-frequency
TS-wave disturbances while allowing for easy amplitude variation. Surface microphones and Hot-Wire
Anemometry (HWA) measurement systems were used to collect data to analyse the harmonic content
of the disturbance, its wall-normal structure at the forcing frequency, and its downstream growth,
comparing across the clean flat plate with and without the SERB installed over a range of forcing
amplitudes. Independent monitoring of forcing consistency was shown to be important in long-duration
plasma-forced experiments, where maintaining a consistent forcing amplitude is required. Simultane-
ous microphone measurements were necessary to distinguish genuine flow-induced amplification from
transient variations in actuator output.

The results show that the influence of the SERB is strongly region-dependent: the forced TS-wave
behaves like the clean case upstream of the bump and undergoes local amplification in the regions
immediately upstream of the FFS and in the region just downstream of the FFS lip, a reduction in
growth rate and stabilisation over the bump, and greater amplification downstream of the BFS. Greater
forcing amplitudes are associated with a broader redistribution of spectral energy in the wall-normal
direction and an earlier loss of a distinct shear-layer instability signature introduced in the recirculation
region behind the BFS. The SERB, therefore, does not behave as a simple amplifier of TS waves,
but instead produces a region-dependent response, with local amplification ahead of the FFS, reduced
growth over the bump, and stronger re-amplification downstream of the BFS, where the response
becomes increasingly sensitive to the amplitude of the incoming disturbance.
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Introduction

This chapter first outlines the motivation for this study in section 1.1, connecting the broader push
for efficiency gains to meet emissions-reduction goals to the study of boundary-layer flow control. In
relation to this, the fundamentals of the boundary layers are given in section 1.2 with a specific focus
on the Tollmien-Schlichting instability in section 1.3. A background on the geometric features in this
study is given in section 1.4, with the resulting research questions and objectives for this thesis laid out
in section 1.5.

1.1. Motivation

Commercial aviation is a vital component of the global transportation network, yet it also represents a
growing source of anthropogenic climate forcing. Comprehensive assessments by Costantini et al. (2022)
show that aviation contributed approximately 3.5% of total human-induced radiative forcing in 2018,
underscoring the sector’s disproportionate climate impact relative to its economic scale. Broader soci-
etal reflections on aviation’s environmental footprint further highlight the need for a more sustainable
trajectory for air transport (Gossling, 2020). In response, international and European roadmaps, such
as ICAO environmental standards and Europe’s Flightpath 2050 (Krein & Williams, 2012) set ambi-
tious long-term objectives, including substantial reductions in CO2 emissions per passenger-kilometre.
Achieving these targets requires progress across multiple fronts, with aerodynamic efficiency remaining
one of the most direct and impactful levers for lowering energy consumption.

A substantial fraction of aircraft drag arises from viscous skin friction, particularly on large transport
wings, nacelles, and empennage surfaces. As emphasised in classical and contemporary surveys (Schrauf,
2005), even modest increases in skin-friction drag translate directly into increased fuel consumption and
emissions. This increase is primarily due to the higher wall shear stress associated with turbulent bound-
ary layers, where enhanced mixing leads to steeper velocity gradients at the wall and therefore greater
frictional resistance. For this reason, modern aerodynamic design places considerable emphasis on de-
laying laminar-turbulent transition and preserving favourable boundary-layer behaviour over as much
of the lifting surface as practically achievable. However, the ability to retain laminar flow in real opera-
tional conditions is highly sensitive to the quality of the aerodynamic surface. Manufacturing tolerances,
installation steps, repairs, and in-service contamination all introduce small geometric deviations, such
as steps, gaps, bumps, or regions of waviness- that can prematurely trigger boundary-layer transition.
Industrial experience repeatedly confirms that these imperfections can erode the performance benefits
predicted at the design stage (Hansen, 2010; Wong et al., 2021).

The physical basis for this sensitivity lies in the receptivity of laminar boundary layers to distur-
bances. On unswept or mildly swept surfaces, transition is dominated by the amplification of Tollmien—
Schlichting (TS) waves. Previous research on transition mechanisms (Arnal & Archambaud, 2008;
Joslin, 2025) shows that TS waves are particularly sensitive to perturbations in the surface geometry
or pressure gradient. Localised imperfections such as steps or shallow bumps (typically with small
height relative to the local boundary-layer displacement thickness, h/6* < 0.5), distort the mean veloc-
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ity profile and may induce small separation bubbles, both of which enhance boundary-layer instability
growth. Even when the flow remains attached, the pressure-gradient modification imposed by the bump
can alter the stability characteristics of the boundary layer, leading to increased disturbance amplifi-
cation. Studies focused specifically on imperfections confirm this sensitivity: surface steps, bumps, or
small humps produce measurable increases in TS wave amplification, causing earlier transition relative
to clean-surface baselines (Perraud et al., 2004, 2014). These effects persist across a wide range of
Reynolds numbers, highlighting the importance of quantifying the interaction between disturbances
and geometric imperfections.

Within this context, the present work examines the effect of varying TS wave amplitudes on the flow
over a rectangular surface bump mounted on a flat plate. An unswept flat-plate geometry deliberately
isolates the two-dimensional transition process, avoiding the additional instabilities caused by crossflow,
attachment-line contamination, or three-dimensional wing curvature. By imposing TS waves of known
frequency and amplitude and examining their evolution in the presence of a well-defined geometric
perturbation, this study investigates how disturbance amplitude and a localised surface imperfection to-
gether affect transition onset. This understanding is essential for determining realistic surface tolerance
criteria in aerodynamic design and for assessing the operational robustness of laminar-flow performance
in the presence of surface defects.

1.2. Boundary Layers

subsection 1.2.1 lays out some fundamental concepts and parameters when talking about boundary
layers, and subsection 1.2.2 provides a background on receptivity and the role of disturbances in the
initiation of boundary-layer instabilities.

1.2.1. Boundary Layer Fundamentals

Viscosity is the fundamental fluid property responsible for internal friction and momentum diffusion
between adjacent layers of fluid. In the presence of a solid surface, viscous effects create a region of
strong velocity gradients known as the boundary layer. For a Newtonian fluid, the shear stress acting on
a plane parallel to the wall is proportional to the velocity gradient normal to that plane (F. M. White
& Majdalani, 2022):

ou
T:N@a (11)

where 7 is the shear stress, u is the dynamic viscosity, and u(zx, y) is the streamwise velocity component.

The theoretical foundation of boundary-layer analysis originates from Prandtl’s 1904 formulation, which
demonstrated that the Navier—Stokes equations simplify considerably within the thin region adjacent
to a solid surface at high Reynolds numbers (Schlichting & Gersten, 2017). For steady, two-dimensional
flow over a flat plate at zero pressure gradient, the boundary-layer approximations reduce the governing
equations to

ou Ov
el T 1.2
pe + By 0, (1.2)

ou  Ou 0%u
U% +v67y = V87y2, (13)

where v = pu/p is the kinematic viscosity. For this special case, Blasius (1908) showed that these
equations admit a self-similar solution. Introducing the similarity variable

Uso
=y == 1.4
n1=y\/ 5 (1.4)

and the similarity streamfunction
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Y(z,y) = V20U (1), (1.5)

leads directly to the relations

Uy

— / —
u=Usfn), 0=/

[nf'(n) — f(n)]. (1.6)

Substitution into the momentum equation yields the Blasius ordinary differential equation

f/// + % ffl/ — 0’ (17)

subject to

f)=0,  f(0)=0,  f(n—o0)—>L (1.8)

The resulting velocity profile u/Uy, = f'(n) defines the canonical laminar boundary layer for a zero-
pressure-gradient flat plate (Schlichting & Gersten, 2017; F. M. White & Majdalani, 2022). This profile
forms the basis for computing boundary-layer thicknesses and integral parameters used later in stability
and transition analysis.

The boundary-layer thickness, denoted dgg(x), is conventionally defined as the distance from the wall
at which the streamwise velocity reaches 99% of the freestream velocity,

u(y = (599) =0.99 UOO (19)

For the Blasius solution, the boundary layer grows downstream according to (Schlichting & Gersten,
2017; F. M. White & Majdalani, 2022)

Sgo(z) = 5.0,/ 2L, (1.10)
Uso
so that the local Reynolds number based on z, Re, = Uz /v, determines the local thickness. Expressed

nondimensionally,

d99 () 5 z
l Rel l

, (1.11)

7

which highlights the characteristic Res 1/2 growth of laminar boundary layers under zero pressure gra-
dient.

Integral boundary-layer parameters

Because the velocity profile inside the boundary layer differs from the outer inviscid flow, the mass
flux and momentum flux are reduced. These effects are quantified using integral thickness parameters
derived from the velocity profile.

The displacement thickness 6*(z) accounts for the reduction in mass flow due to the lower velocities in

the boundary layer:
o u v
o* = 1—— ) dy =1.7208,/ —. 1.12
@= [ (1) S (112)

This quantity measures the apparent outward displacement of the outer flow streamlines (Schlichting
& Gersten, 2017).

The momentum thickness 6(z) quantifies the reduction in momentum flux due to viscous effects:

RalEY) U vx
0(x :/ — (1—) dy = 0.664, | —. 1.13
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The shape factor

0% 1.7208
H=—~x ~ 2.59 1.14
0 0.664 ’ (1.14)
characterises the “fullness’ of the laminar Blasius profile and provides a useful indicator for incipient

separation and stability (Schlichting & Gersten, 2017).

1.2.2. Receptivity and Paths to Transition

In practical flows, boundary-layer transition does not occur in isolation but is triggered by external
disturbances such as freestream turbulence, acoustic waves, surface roughness, or wakes from upstream
bodies. The process by which these external perturbations are converted into instability modes of
the boundary layer (e.g. TS waves, crossflow vortices, or streaks) is known as receptivity. Depending
on the disturbance environment and the mean-flow configuration, different transition scenarios may
arise, including linear TS wave growth, bypass transition, separation-induced transition, or crossflow-
dominated routes (Reshotko, 2008).

Increasing Disturbance Level

n
>

Forcing Environmental Disturbances

v

Receptivity Mechanisms

¥

@ Transient Growth
v

Eigenmode Growth | |(c) @ @
* v v

Parametric Instabilities Bypass
& Mode Interactions Mechanisms
Breakdown
Turbulence

Figure 1.1: Schematic paths to transition for wall-bounded flows, highlighting different instability and
breakdown mechanisms (Reshotko, 2008).

In the present work, the focus is on low-disturbance environments where the TS wave-dominated tran-
sition is the primary route, and the mean flow can be approximated locally by the Blasius boundary
layer derived in the previous subsection.

1.3. Tollmien-Schlichting Waves

For a flat plate under zero pressure gradient, the primary linear instability mechanism of the laminar
boundary layer is the TS wave. These disturbances are two-dimensional, viscous, streamwise-travelling
waves whose amplitude is concentrated close to the wall and decays exponentially into the freestream.
Their spatial structure and amplification behaviour within the Blasius boundary layer are well docu-
mented by Mack (1984) and form the basis for stability-based transition prediction in low-disturbance
environments.

The theoretical existence of unstable waves in a laminar flat-plate boundary layer was first demonstrated
by Tollmien (1929), who showed that the linearised boundary-layer equations admit exponentially am-
plifying solutions. Schlichting (1950) later refined these calculations and more accurately mapped the
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parameter ranges of instability. Direct experimental confirmation was provided by Schubauer and
Skramstad (1947), whose low-disturbance wind-tunnel measurements revealed oscillatory disturbances
with exponential downstream growth, validating the theoretical predictions and establishing TS waves
as the dominant instability mode in quiet-flow flat-plate conditions.

Baines et al. (1996) described a T'S wave as the outcome of an interaction between an inviscid vorticity-
wave component, which propagates on the mean shear, and a family of viscous modes required to satisfy
the no-slip condition. This interaction generates a disturbance Reynolds-stress pattern with the correct
phase relationship to extract energy from the mean flow. In terms of the disturbance kinetic-energy
budget, amplification is driven by the production term

dUu

P=—(u"v") )’

(1.15)
where the correlation (u'v’) becomes significant only within the viscous sublayer. As shown in the
schematic of Figure 1.2, this near-wall region is where the disturbance-induced tilting of vorticity leads

to a non-zero Reynolds stress, enabling energy transfer from the base flow to the disturbance (Bippes,
1999; Boiko et al., 2012).

Because this amplification mechanism depends sensitively on the shape of the near-wall mean-flow
profile, TS waves respond strongly to even mild modifications of the boundary layer. Experimental
work by Barahona (2022), for example, demonstrates that small geometric features (such as forward-
facing steps) can alter the phase and amplitude of the fundamental T'S mode and modify the wall-normal
structure of the disturbance.

U’U ?é 0 <u7, UU> # O
—_— UU e
? """" R Ly s siblager (UvUo) = (Uit) >0
Assumption in <’LL1,’UU> 75 0 no-slip condition

Prandtl's (1921)
derivation

Figure 1.2: Schematic diagram showing the interaction process that cause TS wave growth, from Barahona
(2022) inspired by Bippes (1999)

1.4. Sharp-Edged Rectangular Bumps

Surface steps represent canonical two-dimensional roughness elements whose influence on boundary-
layer stability has been studied extensively. Forward-Facing Steps (FFS) refer to a local increase in the
surface height in the streamwise direction, characterised by right angles at the interface. Backwards-
facing steps (BFS) represent a similar geometric discontinuity, but with a local decrease in surface height.
Both the BFS and FFS are types of 2D roughness elements which are often observed in commercial
aircraft as surface features such as panel joints/discontinuities on the wings, stabilisers, or fuselage.

In this work, the term Sharp-Edged Rectangular Bump (SERB) is used to describe the geometry
consisting of an FFS followed by a BFS of equal height. Recently, more studies have focused on the
transition performance of more rounded rectangular geometries (Franco Sumariva et al., 2020) to even
gaussian humps (Ehrenstein & Gallaire, 2009; Franco Sumariva et al., 2020; Gallaire et al., 2007; Gao
et al., 2011; Marquillie & Ehrenstein, 2003; Morais, 2023; Park & Park, 2013; Rius-Vidales et al., 2025;
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Westerbeek et al., 2023), and thus the current study specifies the term SERB, following Dos Santos
et al. (2025), to distinguish the geometry in this study from these more rounded shapes.

As this geometry is essentially a superposition of a FFS and a BFS, the current understanding of
the flow physics around these geometries will be discussed below, in addition to the current literature
pertaining to SERBs. This interpretation is formally justified by Crouch and Kosorygin (2020), who
show that the destabilisation produced by a rectangular protrusion is approximately the sum of the
individual FFS and BFS contributions, so long as the plateau length is sufficiently long relative to the
displacement thickness. The bump in this study has an aspect ratio of L : h = 50:1, matching the
canonical configuration used by Crouch and Kosorygin (2020) for “wide protrusions.”

Thus, the physical mechanisms identified in the literature (local adverse/favourable pressure gradients,
separation bubbles, TS wave scattering, receptivity changes) apply directly to the SERB, giving a natu-
ral framework for interpretation: a rectangular protrusion behaving as an FFS-induced destabilisation
zone, a plateau with modified boundary-layer thickness, and a BFS-induced strong amplification region.

The following non-dimensional terms are used in relation to bumps/steps

U.h U, nh h
Reh: - ) Rehh: ﬂa 7—[27,
v v o*

where U, is the boundary-layer edge velocity at the step location, 6* is the local displacement thickness, v
is the kinematic viscosity, and Uy, is the streamwise velocity at the wall normal y- location corresponding
to the step or bump height, h .

1.4.1. Effect of FFS on TS wave growth

A forward-facing step introduces a brief but sharp region of adverse pressure gradient, which tends to
locally amplify incoming TS waves. The presence of an FFS typically induces two distinct regions of
flow separation:

The first recirculation region forms immediately upstream of the step due to the locally adverse pressure
gradient, producing a short near-wall separation zone. Within this region, the mean velocity profile be-
comes strongly distorted and locally inflectional, resulting in enhanced shear and increased susceptibility
to instability. As a consequence, incoming T'S waves experience local amplification while traversing this
modified base flow.

The second recirculation region downstream of the step edge on the plateau surface with more com-
plex effects on the oncoming TS wave. As the TS wave passes over the step, it undergoes significant
topological distortion; the streamwise perturbation component (]i|) decays while the wall-normal com-
ponent (|0|) amplifies rapidly (Barahona, 2022), effectively transferring energy between components
before returning back to the dominant TS mode further downstream for subcritical steps (Edelmann,
2014).

While earlier studies suggested an abrupt jump in transition location once a critical height is reached,
Costantini et al. (2022) observed a more gradual upstream movement of the transition front with
increasing relative step height h/§*, with the relationship between the relative transition location and
the non-dimensional step parameters (h/6* and Rep) being largely independent of the Mach number
(in the subsonic regime).

In the scaling proposed by Crouch and Kosorygin (2020), the influence of an FFS is captured by a
reduction in the N-factor of approximately
h
AN =~ 1.6 —,
6*
indicating a proportional but comparatively weak effect when h/§* is below 1. However, Hildebrand
et al. (2025) found that for h/0* > 0.17, the FFS begins to reduce the transition N-factor significantly.

1.4.2. Effect of BFS on TS wave growth

The flow around a Backward-Facing Step (BFS) is characterised by the separation of the boundary layer
at the sharp step corner, creating a free shear layer that eventually reattaches to the wall downstream,
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enclosing a recirculation region (Armaly et al., 1983). Similarly, the controlled-disturbance experiments
of Hasan (1992) showed that even small perturbations introduced upstream of the BFS undergo sig-
nificant amplification inside this separated region, highlighting the susceptibility of the detached shear
layer to upstream perturbations.

Although many classical BFS studies are performed in channel-flow configurations (Armaly et al., 1983;
Biswas et al., 2004; Hasan, 1992), the fundamental flow features they describe- like the laminar sepa-
ration bubble, separated shear layer, and the associated amplification of small disturbances- are driven
by the geometry and can therefore be used to draw a qualitative comparison with the current flat-plate
SERB case.

The separated shear layer behind the BFS has a pronounced velocity inflection, making it highly recep-
tive to both Kelvin-Helmholtz (KH) instability, with the TS waves experiencing greater growth rates
than in an attached laminar boundary layer. This behaviour has been captured in detail by the linear
stability analyses of Hildebrand et al. (2020) and Hildebrand et al. (2022), showing that the BF'S causes
a sharp rise in local growth rates that is well predicted by PSE and HLNSE models. Complementary
DNS studies by Teng and Piomelli (2022) show that the separated shear layer above the recirculation
bubble acts as a strong convective amplifier, producing substantial transient growth of disturbances
entering the bubble.

Hasan (1992) identified two distinct modes of instability in the reattaching shear layer;

o Shear Layer Mode (Kelvin-Helmholtz): This is a high-frequency instability associated with the
natural roll-up of the shear layer vortices with a Strouhal number based momentum thickness at
separation (0), Sty = f0/U =~ 0.012

e Step Mode: A lower-frequency instability associated with the flapping of the shear layer and
vortex merging, which scales with the step height (h). The Strouhal number for this mode
Sty = fh/U =~ 0.185

After reattachment, the boundary layer remains thickened, distorted, and carries amplified disturbances
generated inside the separation bubble. While the flow can reattach laminarly (Armaly et al., 1983), a
combination of TS wave amplification and KH-type instability often pushes the flow toward transition
shortly downstream of reattachment, especially when the incoming boundary layer is already unstable,
as is the case in the present experiment with forcing.

According to the scaling proposed by Crouch and Kosorygin (2020), the BFS contribution to TS wave

amplification can be approximated as
h
AN =~ 4.4 5
which is typically two to three times larger than the FFS contribution. Given that the BFS in the
present experiment is located at = 795 mm, where the boundary layer has already been destabilised
by the FFS, the strong amplification expected behind the BFS aligns with the placement of microphones

and hot-wire stations downstream of the bump.

While the FFS modifies the disturbance field in its immediate vicinity, these studies consistently show
that its overall influence on downstream transition location is relatively modest compared with that of
a BFS of the same height (Risius & Costantini, 2025; Wang & Gaster, 2005).

1.4.3. Existing literature on SERBs
While the majority of historical studies focused on isolated FFS and BFS, a growing body of work
examines the combined effect of sharp-edged rectangular protrusions.

Crouch and Kosorygin (2020) provided a theoretical framework for such configurations, demonstrating
that rectangular bumps behave as a linear superposition of the constituent FFS and BFS effects provided
L/h Z 40. This study examines the criticality steps, bumps and gaps, with the aspect ratio for the
bumps/gaps kept constant at L/h = 50. This was done to make sure that the length of the bump
would be approximately 5 times the wavelength of the dominant TS wave frequency at the location of
the bump.
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Placidi et al. (2020) investigated sharp-edged rectangular bumps of varying heights and introduced the
displacement-thickness-based scaling 6%, as an appropriate nondimensional parameter for comparing
bump-induced effects across different Reynolds numbers. Although the present experiment employs
only a single bump height, this scaling was used to ensure that the chosen SERB height lies within the
same nondimensional range explored by Placidi et al. (2020), ensuring consistent comparison with prior
literature.

Dos Santos et al. (2025) further investigated sharp-edged rectangular bumps in the context of acoustic
receptivity, showing how external disturbances such as background acoustic waves are converted into
boundary-layer instabilities at the SERB. Their results quantify how the amplitude of the induced
instability varies with bump height and acoustic-wave amplitude, enabling estimation of whether this
background receptivity effect is negligible compared to the plasma forcing used in the present experi-
ment.

The influence of 2D humps on a 2D laminar boundary layer was conducted using direct numerical
simulations (DNS) by Worner et al. (2003) for a small bump (h/é* = 0.47, corresponding to a height-
based Reynolds number, Rep, = Usoh/v = 511) with streamwise width approximately equal to half of
the TS wavelength (reduced frequency, F = 27 f v/U2 x 10° = 49.34) triggered by a disturbance strip
located at x = 2.78 (Reynolds number based on displacement thickness, Res« = Uxo0* /v = 907. At the
FFS of this small bump, a decrease in the T'S wave amplitude was observed, which the author ascribed
to boundary layer thinning. At the BFS of the bump, TS wave amplification was observed, which the
author ascribed to the separation region formed behind the BFS. Due to the amplification caused by the
BF'S being higher than the attenuation due to the FFS, the net result is boundary layer destabilisation.
On varying the height and width of the bump, the author noted that the width of the bump plays a
minor role, while the larger influence on the TS wave amplification caused by the bump height.

1.5. Research questions and objectives

Research Gap: Although the flowfield around Sharp-Edged Rectangular Bumps (SERBs), including
the associated FFS and BFS behaviour, have been investigated for different bump heights and aspect
ratios, previous work has largely considered only a single, fixed disturbance amplitude. As a result, the
dependence of the SERB-induced boundary-layer on the amplitude of the incoming TS wave remains
unquantified with respect to harmonic content, relative FFS/BFS influence, and the resulting N-factor
increment.

Furthermore, external/operational factors can cause variations in T'S-wave amplitude over time when
using plasma-actuators for TS-wave excitation. Previous studies, typically using acoustic forcing,
vibrating-ribbon forcing, or short-duration plasma-actuated experiments, have not addressed how to
ensure amplitude consistency over extended measurements.

To fill this research gap, the research objective of this thesis can be formulated:

To show the effects of a SERB on TS waves of varying amplitudes over a flat plate with and
without the SERB, using numerical stability analysis and experimental flow measurement
techniques

The research question that arise to fulfil this goal are defined as:
How does the boundary-layer response induced by the SERB depend on the amplitude of
the incoming TS wave?

1. How does the harmonic content of the boundary layer upstream, over, and downstream of the
SERB change as the amplitude of the incoming TS wave is varied?

2. How does the SERB-induced instability growth in the boundary layer depend on the amplitude
of the incoming TS wave?

To accomplish this goal, the rest of this thesis is structured as follows:

Chapter 2 discusses the methodology by which the boundary layer stability for the clean (no SERB),
unswept flat plate is first assessed using an in-house Orr-Sommerfeild solver to identify the most unsta-
ble TS wave-frequency (at the streamwise location of the FFS of the SERB using N-factor analysis),



1.5. Research questions and objectives 9

which is then forced experimentally using a plasma actuator, with Hot Wire Anemometry (HWA) and
microphone data acquisition systems. The methodology for constructing the test section and setting
up the wind tunnel test campaign is also detailed in this chapter.

Chapter 3 details the results that can be obtained from the collected data, and their implications.

And finally Chapter 4 is a discussion of the conclusions that can be made based on the results of the
work during the course of this thesis, as well as recommendations for further improvement/analysis.



Methodology

This chapter describes the methods used to numerically and experimentally address the research ques-
tions posed in this study. Section 2.1 details the numerical study that informed the formation of the
experimental test matrix. The wind-tunnel facility and test section are described in section 2.2, followed
by the bump design and installation in section 2.3, the method of TS-wave excitation in section 2.4, and
the insertion plate integrated into the test section in subsection 2.4.2. The measurement techniques used
throughout the campaign are presented in section 2.5, followed by the applied corrections in section 2.6
and the data-processing methods in section 2.7.

2.1. Numerical Study and Experimental Test-Matrix

This section describes the numerical study used to characterise the boundary-layer baseflow that was
performed prior to the experimental campaign to guide the design of the experiment. The governing
stability framework is introduced in subsection 2.1.1, followed by a description of the boundary-layer
solver in subsection 2.1.2 and the linear stability solver in subsection 2.1.3. Finally, the resulting
stability predictions used to define the experimental forcing conditions and test matrix are discussed in
subsection 2.1.4 with the experimental test matrix given in subsection 2.1.5.

2.1.1. Linear Stability Theory

The laminar boundary layer developing over a flat plate at zero pressure gradient is susceptible to the
growth of Tollmien—Schlichting (TS) waves beyond a critical Reynolds number. A schematic illustration
of the transition process, from laminar flow through linear instability and secondary breakdown to
turbulence, is shown in Figure 2.1 (F. M. White & Majdalani, 2022).

TS Spanwise Tiree: Turbulent Fully
dimenslonal
waves vorticlty spots turbulent
vortex flow
breakdown
]

)

Stable
~ | laminar
flow

Laminar ———Transition length — I Turbulent
Re,,

Figure 2.1: Laminar—turbulent boundary-layer transition for a flat plate at zero incidence (F. M. White &
Majdalani, 2022).
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In the present work, the stability of the numerically computed boundary-layer baseflow was analysed
using linear stability theory in a spatial framework. The instantaneous flow field was decomposed as

u(z,y,t) = U(z,y) +u'(z,y,1), (2.1)

where U(z,y) denotes the steady baseflow obtained from the boundary-layer solver, and u’ represents
infinitesimal disturbances.

Assuming two-dimensional wave-like perturbations of the form

u'(2,y,t) aly)|
U'(a:,y,t) — ﬁ(y) ez(aw—wt) (2.2)
P (x,y,t) p(y)

and adopting a spatial formulation in which the forcing frequency w is real and the streamwise wavenum-
ber a = «, + iq; is complex, linearisation of the incompressible Navier—Stokes equations about the
baseflow leads to the classical Orr—Sommerfeld eigenvalue problem:

(D2 = a?)* b = iaRe [(U - ¢) (D* — %) d — U"9)] (2.3)

with homogeneous boundary conditions enforcing no-slip at the wall and decay in the free stream. Here
D =d/dy, ¢ = w/a is the complex phase speed, and Re is defined using local boundary-layer scaling.

For each streamwise station, the Orr—Sommerfeld problem was solved using the numerically computed
baseflow U(z,y), yielding the complex wavenumber «(z, f). Spatial instability corresponds to «; < 0,
indicating exponential growth of disturbances in the downstream direction.

Neutral stability and N-factor formulation
Neutral stability occurs where «; = 0, defining the lower and upper branch neutral curves that bound
the region of TS-wave amplification. Within this unstable region, the disturbance amplitude evolves as

a(z) = aoef;no —oa (@', f) da’ (2.4)

The integrated amplification is conveniently expressed using the logarithmic N-factor,

Ny = [ " e f) e, (2.5)

[¢]

which represents the cumulative exponential growth of TS waves along the boundary layer.

In classical flat-plate experiments under low-disturbance conditions, transition is typically observed
when N reaches a critical value Nt &~ 9 (Van Ingen, 2008). This forms the basis of the widely used
eV transition-prediction method.

In the present case, the computed N-factor curves for the 1.35 m flat plate remained below this critical
threshold for all investigated frequencies, consistent with the absence of natural transition observed
experimentally.

In order to get initial information for the sizing and placement of components for the preliminary design.
The boundary layer flow and TS wave stability needed to be understood.

Two coupled, in-house solvers were used for this purpose: a boundary-layer solver to simulate the
baseflow and an Orr-Sommerfeld (OS) stability solver that used the calculated baseflow to solve the
eigenvalue problem and assess the stability of TS-waves at different frequencies.

The boundary layer solver is run for Us,,=17.4 m/s (corresponding to a chord-based Reynolds number,
Re. = 1.5 % 105) for the entire length of the flat plate (chord, ¢ = 1.35 m).
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2.1.2. Boundary Layer Solver

The baseflow was computed using an in-house parabolised boundary-layer (PBL) solver that marches
downstream from an initial similarity profile. At the inlet (z = 0.005 m), a Falkner—Skan profile with
B =0 (Blasius solution) was imposed as the inflow condition.

The computational domain extended from x = 0.005 to x = 1.350 m, discretised using N, = 2000
streamwise points and IV, = 100 Chebyshev collocation points in the wall-normal direction. The outer
velocity was held constant at U.(x) = Us, consistent with the zero pressure gradient (ZPG) assumption.
A grid convergence study confirmed that increasing N, beyond 100 led to less than 0.2% change in dgg
and shape factor H.

After solving, the flow was non-dimensionalised using the local similarity scale o = /v2/Ux, allowing
the boundary layer to be interpreted in terms of local Reynolds number Re, = Uyx/v.

Figure 2.2 shows the displacement thickness 6*, momentum thickness 8, boundary-layer edge dg9, and
shape factor H = 6* /6 were computed at every streamwise location.

6
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x [mm]

Figure 2.2: Boundary-layer parameters along the flat plate: displacement thickness, §*, momentum
thickness, 6, boundary-layer thickness, dg9, and shape factor H.

The velocity profiles show excellent agreement with canonical Blasius profiles. The shape factor stabilises
near H =~ 2.59 across most of the domain, consistent with a ZPG laminar boundary layer. Small
oscillations near the trailing edge are attributed to limitations in the edge-detection criterion for dgg.

2.1.3. Linear Stability Theory Solver

The stability analysis was performed using an in-house local Orr-Sommerfeld solver. The solver uses
the computed baseflow at each z-station as input and solves a linear eigenvalue problem to determine
the temporal stability of the TS waves.

The analysis assumes a parallel baseflow locally at each streamwise location and neglects streamwise
growth of disturbances (local linear stability analysis, LLSA). While this assumption omits weak non-
parallel effects, it is standard practice for flat plate analysis and provides good estimates of critical
frequencies and amplification rates.

The solver was run for a frequency sweep from f = 50 to 500 Hz. For each = and f, the most unstable
mode was extracted (largest a; < 0). Neutral stability curves were constructed by identifying locations
where the imaginary part of the complex wavenumber «; crosses zero.

N-factor Integration: The spatial amplification of TS waves was quantified using the N-factor
method:
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Nz, f) = / o, f) de’

neutral

where Zeutral 1S the location of the first neutral point for that frequency. Only the growing part of the
wave (i.e., where N > 0) is retained. These results were used to identify the most amplified frequencies
at given a-locations (e.g., bump, actuator trigger) by predicting spatial growth envelopes for T'S waves.
This supported the experimental selection of forcing frequency for active control.

Table 2.1 shows some of the input parameters used for the numerical study. The output of the stability
solver, including neutral curves and N-factor curves, is presented in subsection 2.1.4.

Parameter Symbol Value
Chord length c 1.35 m
Freestream velocity Uso 174 m/s
Kinematic viscosity v 1.511 x 107° m?/s
Chord Reynolds number Re, 1.5 x 106
Streamwise resolution N, 2000
Wall-normal resolution N, 100

TS wave frequencies analysed f 50-500 Hz
Chebyshev domain height Ymax 2899 ()

Table 2.1: Summary of key numerical parameters

2.1.4. Use of Stability Results for Experimental Planning

Frequency selection:

Figure 2.3 shows the plot of the imaginary wavenumber, «;, from stability calculations obtained using
an in-house OS stability solver, with the positive values of this a; not shown in this figure. The results
in a curved region, enclosing a region where «; is negative, i.e the unstable region, where the TS wave
of a certain frequency is growing. A specific frequency is damped (positive «;) before it enters this
unstable region, with the first point where «; = 0 is the lower border/branch of this unstable region,
and continues to be amplified until it reaches the second «; = 0 point at the upper branch of the
unstable region. This figure shows us that higher frequency TS waves reach the amplification region
earlier, but the distance over which these higher frequencies are amplified is less than that of the lower
frequencies.

In Figure 2.4, the N-factors of the frequencies from the stability calculation are shown from 50-350 Hz.
These are plotted up to an x-location of 1.350 m (the location of the downstream end of the flat plate
before the pressure adjustment flap). It is important to note that none of the frequencies considered
reached the reference value N = 9 within the length of the flat plate. This value is included only as a
representative benchmark from transition literature for relatively low-disturbance external flows, rather
than as a calibrated critical threshold for the present experimental facility. The actual critical N-factor
may differ depending on the disturbance environment, receptivity, and tunnel-specific conditions. Since
no transition was observed within the measurement domain, a critical N-factor could not be determined
for the present case. Nevertheless, the fact that the computed N-factors remain below this commonly
used benchmark is consistent with the Infrared Thermography (IRT) measurements, which indicated
no transition over the full flat-plate length (more details on the setup and use of IRT are given in
subsection 2.5.6). It should also be noted that the eV method is a linear prediction tool and does
not account for nonlinear disturbance interactions or other flow phenomena that may develop in the
boundary layer and influence the eventual onset of transition.

An ideal location for forcing a specific frequency is at its neutral point (corresponding to the lower
branch of the unstable region in Figure 2.3, or equivalently the first N = 0 location for that frequency
in Figure 2.4), or further downstream within the amplification region, where the slope of the N-factor
curves is positive, i.e. dN/dX > 0.This amplification region lies between the lower and upper branches
of the stability diagram in Figure 2.3, and corresponds to the region between N = 0 and the maximum
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of the N-factor curve for a specific frequency, as seen in Figure 2.4. This is because TS disturbances are
linearly damped upstream of the neutral point, such that any forcing applied before this neutral point
would be attenuated before entering the amplifying regime.

This was not possible with the current test section (based on the location of insertion plates); and so,
the plasma actuator was placed at a streamwise location of 0.380 m indicated by the vertical dashed
black line in Figure 2.4. This location was also chosen based on previous experiments that used the same
experimental setup for TS wave studies (Garcia Villasol, 2025). Though this location is ahead of the
neutral point, most frequencies are still growing/ being amplified, allowing for the triggered frequency
to grow downstream.

The most amplified frequency (largest dN/dx) at this trigger location was found to be 251.4 Hz, with
an N factor of 1.081 at the trigger location, reaching a global peak of N = 2.470 at x = 0.6411 m. This
frequency would be an ideal choice for the trigger frequency, with the location where it peaks being the
ideal location for the bump. However, this bump location would coincide with a crossbar element on the
flat plate setup, limiting the viability of fixing microphones to monitor the amplitude of the triggered
frequency just ahead of the SERB’s FFS. Similar reasoning was used by Garcia Villasol (2025) to select
the control actuator location using the same flat plate setup. Based on these operational constraints,
and setup configurations from previous studies, the location of the SERB FFS was fixed at = 0.74m,
marked by a vertical dashed line in Figure 2.3.

In Figure 2.4, the envelope of the maximum N-factors at each x location is marked in black. The
maximum N factor at the location of the SERB leading edge, 0.74 m, is 3.08 (yellow circle in Figure 2.4)
for a frequency of 206 Hz (orchre yellow curve in Figure 2.4, and horizontal dashed line in Figure 2.3).
This frequency was used as an initial guess when determining the trigger frequency in situ for the
experimental campaign. During the experimental campaign, the microphone just in front of the FFS of
the SERB (Mic 8) was monitored. Multiple frequencies around 206 Hz were then triggered (frequency
sweep between 175 Hz and 225 Hz) to see which frequency showed the largest amplitude increase in the
FFT readout of this mic, before and after triggering (trigger voltage and Reynolds number maintained
constant during the frequency sweep). The 210 Hz frequency was found to be the most amplified at
this location, and was therefore maintained as the trigger frequency for the entire experiment.
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Figure 2.3: Stability diagram from the OS solver at a Uss = 17.40 m/s (Re. = 1.5 x 10°), for flat plate chord
length, ¢ =1.35 m.
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Figure 2.4: N factor curves from the OS solver for Us, = 17.40 m/s calculated for a frequency range of =50
Hz to 350 Hz.

Amplitude selection:

To investigate the influence of the T'S wave amplitude on the flow over the SERB, the amplitude of the
forced TS wave was modulated by varying the peak-to-peak voltage supplied to the plasma actuator.
An amplitude sweep between 5 kV,,_, (kilovolts peak-to-peak) and 15 kV,, was first performed to char-
acterise the actuator response. During this sweep, the spectral amplitude of the microphone signals was
monitored in the frequency domain, with particular attention given to the most upstream microphone
(Mic 1), the one located immediately upstream of the FFS (Mic 8), and the most downstream one (Mic
14).

Trigger case | Forcing level | Voltage range (kV,_,)
TO No forcing 0
T1 Low forcing 89
T2 Medium forcing 9-10
T3 High forcing 10-11

Table 2.2: Voltage range for each forcing level/plasma actuator trigger case

Three forcing levels were then selected such that the amplitude at microphone 1 remained approxi-
mately constant across cases, ensuring a comparable upstream disturbance level, and the amplitude at
microphone 8 showed a clear, measurable difference between forcing levels. The lowest forcing level pro-
duced laminar flow at microphone 14, characterised by distinct tonal peaks and no broadband increase
in spectral energy; while the highest forcing level resulted in intermittency at microphone 14, with
sporadic broadband fluctuations in the time signal, indicating transition onset. These forcing levels, or
trigger cases as they will be referred to going forward, are shown in Table 2.2, with TO being assigned
to the case with no forcing, i.e plasma actuator off.
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2.1.5. Test-Matrix

Re Geom case | No. of HWA measurement x locations | Trigger

15 TO

15 T1

GO (clean) 15 T9

15 T3

6

1.5 x 10 15 To
15 T1

G1 (bump) 15 To

15 T3

Table 2.3: Experimental Test Matrix

2.2. Wind tunnel and test section

This section describes the experimental facility in subsection 2.2.1, followed by a description of the
flat-plate test section and its integration with the tunnel in subsection 2.2.2.

2.2.1. A-tunnel

The A-tunnel (Anechoic tunnel) is a state-of-the-art, open-jet, closed-circuit, vertical wind-tunnel lo-
cated at the Low Speed Laboratory (LSL) at the Delft University of Technology, used for aeroacoustics
research, as well as laminar-turbulent transition and active flow control studies. Starting from the
bottom in Figure 2.5(a), (1) is the settling chamber with acoustic and thermal insulation on the walls
preventing acoustic reflections in the range of 150 Hz to 20 kHz. At the top of this room, a rounded inlet
with a 2:1 ratio ellipse- (2), holds the entire 3D printed contraction, with the inlet lip, flow straighten-
ers, anti-turbulence screens and eventually the final converging nozzle, which leads to (3) the anechoic
plenum of the tunnel where the outlet nozzle, test section and measurement equipment are housed. Fi-
nally (4) houses an acoustic foam block that directs the flow onto the recirculation channels, along with
splitter silencers made of acoustic absorbing foam block (L in Figure 2.5(b)). The flow is accelerated
through the tunnel by 2 engines with centrifugal fans (M in Figure 2.5(b)), with an expected blade
passing frequency at maximum rotational speed of 500 Hz approximately, which is imperceptible at the
test section according to Merino-Martinez et al. (2020).
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Figure 2.5: (a) Side view of the A-tunnel facility (dimensions are in mm). (b) Artist impression of the
A-tunnel facility (illustration by Stephan Timmers) from Merino-Martinez et al. (2020).
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Figure 2.6a shows a picture of the outlet of the contraction that opens up into the anechoic plenum of
the A-tunnel, with a contraction ratio of 15:1. An additional outlet nozzle (Delft 25 x 100) is fixed to
the contraction outlet as shown in Figure 2.6b with the geometrical dimensions of the inner contour
given in Table 2.4. The contraction ratio of this nozzle is given in Table 2.4 with reference to the
contraction inlet (B in Figure 2.5(b)).

Delft 25 x 100

(b)

Figure 2.6: (a) Picture of the anechoic plenum of the A-tunnel. (b) Nozzle used for current test from
Merino-Martinez et al. (2020)

Name Dimensions [m] Height [m] Contraction ratio Vpax [m/s]

Delft 25 x 100 0.25 x 1 1 17:1 40

Table 2.4: Geometry and characteristics of the nozzle used for these tests and its exit plane from
Merino-Martinez et al. (2020).

The free-stream velocity was fixed at U,, = 17.4 ms~! to obtain a chord-based Reynolds number,
Re. = Usc/vy = 1.5 x 10° based on the flat-plate chord (measured from leading edge to trailing
edge, excluding the adjustment flap), ¢ = 1.350 m. Ambient temperature and barometric pressure
were monitored using a PT100 resistance temperature detector (RTD) and an NPA-201 pressure sensor,
respectively. These measurements enabled continuous evaluation of the kinematic viscosity and ensured
that the chord-based Reynolds number was maintained within +1% over the course of the measurement
day, despite variations in ambient conditions.

2.2.2. Test section

The test section consists of a flat plate, secured to an aluminium extrusion frame, enclosed with Poly
(methyl methacrylate) (PMMA) walls as seen in Figure 2.7. This section will describe the configuration
of the test section used, the flat plate, and some of the instrumentation on this test section.

1. Mechanical Integration with Wind Tunnel

The test section is secured to the tunnel by means of vertical supports from the floor of the plenum
chamber and aligned vertically above the outlet nozzle (Figure 2.6b) through adjustment of the item
beams.

The test section width is slightly narrower than the nozzle width to bleed the boundary layer from the
side walls using elliptical leading-edge splitters. The upper and lower walls of the nozzle are aligned
with those of the test section, with the interface between the two sealed using aluminium tape during
wind-on conditions. The flow behind the flat plate is diverted away from the nozzle outlet to the plenum
chamber by means of a splitter that extends the entire width of the test section (seen in Figure 2.7b)
to minimise interference with the sensors and cables present on this side.

A door on the front side of the test section (visible in Figure 2.7a) allows access in order to change the
HW probe, add/remove the bump, clean the plasma actuator, etc. The inclination of this door can be
altered by two adjustment cranks at the top of the test section frame (seen in Figure 2.7a). This allows
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adjustment of the cross-sectional area of the test section to maintain a zero pressure gradient at the
chosen Uy, even in the presence of boundary-layer growth on the flat plate and the test-section walls.

(b)

Figure 2.7: (a) Front view of the test section mounted on the wind-tunnel nozzle. (b) Rear view of the test
section

2. Flat-Plate Design

The flat plate made out of milled aluminium, with a length of 1.35 m from leading edge (LE) to trailing
edge (TE), not including the trailing edge flap, which can be angled to adjust the stagnation point and
LE pressure distribution.

The nose geometry of this flat plate test section was a modified Modified Super Ellipse (MSE) with
an AR of 6 (Barahona, 2022). According to Lin et al. (1992), this geometry pushes the suction peak
to the leading edge and reduces the adverse pressure gradient in the leading edge, allowing for less of
a curvature discontinuity between the elliptical nose and the flat plate, and faster development to the
Blasius BL solution.

Since the flat plate is mounted vertically over the outlet nozzle the coordinate system considered is as
follows: the streamwise direction is considered to be x (x= 0 at the LE of the MSE nose, and positive
in the direction of the TE of the flat plate); the plate normal direction is considered to be the y (y=
0 at the wall, positive away from the wall); and z is the spanwise direction of the plate (z= 0 at the
midplane of the flat plate).

3. Insertion-Plate System and Surface Continuity

The flat-plate test section contains three slots designed to accommodate insertion plates. Any slots not
used for securing test hardware were occupied by flat-milled aluminium insertion plates. The insertion
plates were secured in the slots using an assembly of bolts, washers, and disc springs to allow for height
adjustment. Flushness with the surrounding flat-plate surface was tested using a gauge block, where
the insertion plate was said to be flush with the surrounding flat plate when the gauge block straddling
both of these surfaces showed no noticeable rocking. Finally, the small gaps between the insertion plates
and the slot edges were filled with plasticine to create a continuous, smooth surface.
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Figure 2.8: Diagram of experimental set-up consisting of the unswept flat plate with plasma actuator
insertion plate, and SERB mounted, as well as the various flow measurement techniques used

4. Instrumentation Layout and Measurement Access

A two-degree-of-freedom (DoF) Zaber traverse system with a step resolution of 1 pm was used to move
the HW in the streamwise and plate-normal directions (one traverse system for each degree of freedom).
This traverse assembly was fixed to the top of the test section, on the item beam on the rear side
of the flat plate (out of the flow). The sting carrying the HW probe was then fixed to this traverse
assembly. The prongs of the single-component hot-wire probe were aligned using a laser level to ensure
that the prong tips lay at the same streamwise location, thereby orienting the sensing wire correctly
perpendicular to the freestream direction.

A pitot-static tube, fixed near the front of the test section and aligned in the streamwise direction, was
used to monitor the dynamic pressure in the freestream. The readings from this pitot were used for
hot-wire calibration as well as to maintain a constant Reynolds number throughout the test campaign.
The 2 DoF traverse was fixed at the midplane of the plate did not allow for spanwise movement to the
exact location of the pitot tube. Therefore, placing the hot wire at the same plate-normal height as the
pitot tube, at the forwardmost streamwise position achievable by the traverse and sting, was deemed
sufficient for calibration due to the zero pressure gradient and spanwise invariance over the flat plate.

2.3. Bump Setup

This section details the design and criticality assessment of the sharp-edged rectangular bump (SERB)
used in the present study in subsection 2.3.1, followed by its construction and installation in subsec-
tion 2.3.2.

2.3.1. Bump Criticality

The criticality of the bump was mainly assessed based on the dimensions of the FFS of the SERB. The
location of the FFS was considered to be the streamwise location where the excitation frequency was
most amplified, as detailed in subsection 2.1.4. This also allowed for the in situ-determination of trigger
frequency, also detailed in subsection 2.1.4, that was done using the surface-mounted mics shown in
Figure 2.8. Conventionally, the BF'S is chosen for this purpose as it has been shown to be more critical
than the FFS. However, given the previously stated practical reasons, and the fact that the goal of
this thesis is not to assess transition advancement/delay of the SERB, the criticality of the FFS will be
assessed to determine the SERB height.

A summary of the relative step height (h/0*) vs step height-based Reynolds number (Rep = Uh/v)
examined in previous studies on TS-FFS interaction, under flow conditions comparable to the present
work, namely, zero external pressure gradient and low Mach number (M< 0.3), is shown in Figure 2.9
(Barahona, 2022). The shaded areas denote regions of the parameter space for which BL tripping at
the step is reported.
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Figure 2.9: FFS configurations from previous works studying TS-FF'S interaction, adapted from Barahona
et al. (2025). Experimental works: Wang and Gaster (2005) (+), Perraud and Séraudie (2000) (), Barahona
et al. (2025) (o), and present work (% ). Numerical works: Edelmann (2014) (O), Teng (2023) (¢) and Worner
et al. (2003) (A). Green symbols (e.g. ©) represent step configurations for which transition delay or
stabilisation has been identified under specific T'S wave conditions.

In order for the FFS to be subcritical (transition not occurring at the FFS), the height had to be chosen
to maintain the h/0* value within certain ranges of Rej, and h/d* as seen in Figure 2.9.

2.3.2. Bump construction and installation

The bump was laser-cut from 1 mm-thick PMMA and secured to the flat plate model using approxi-
mately 0.1 mm-thick double-sided tape, resulting in a cumulative height of 1.1 mm as an initial estimate
for the preliminary design phase.

Based on initial calculations using the boundary layer solver (section 2.1), the boundary layer displace-
ment thickness at the location of the FFS of the bump, x= 740 mm, would be 1.38 mm for the clean
flat plate. With a step height of 1.1 mm, the resulting h/6* value for this bump is 0.7971. For the
chosen Uy= 17.4 m/s for a bump of this height, Re, = 1220. According to Figure 2.9, would mean
that the FFS of this bump would be firmly subcritical, within the regime where FFS-induced TS wave
amplification is measurable but not dominant. This is close to the smallest step height tested by Wang
and Gaster (2005), resulting in a ARe,, ~3.3% (Barahona et al., 2025).

As seen in subsection 1.4.3, Crouch and Kosorygin (2020) used an aspect ratio of L : h = 50, which
is replicated in the present experiment to ensure that the streamwise bump length, L, is relatively
large compared to the local boundary layer displacement thickness, and the effect FFS and BFS on the
incoming T'S wave can be analysed somewhat independantly. This results in a streamwise bump length
of L= 55 mm, using the initial bump height estimate of h = 1.1 mm. The breadth of the bump spans
the full width of the flat plate, as shown in Figure 2.8.

The position of the SERB was initially marked during the manufacturing of the insertion plate to ensure
correct streamwise placement of the bump. Additionally, to accurately situate the bump when placing
it on the flat plate, a laser level was used to confirm the horizontal installation of the bump, i.e on
spanwise variation of x location of bump leading edge. As previously mentioned, the bump was fixed
in place using double-sided tape, with additional aluminium tape at the ends of the span, as seen in
Figure 2.7a to secure it during wind tunnel operation.

The height of the bump was characterised by using a laser scanner, as shown in Figure 2.10. Given the
large streamwise length of the bump, L, the scanning was performed in 3 separate traverse sweeps to
cover the FFS, upper surface and BFS of the SERB. Since the insertion plate and bump were made of
PMMA, thin masking tape was applied to the locations where the bump was being measured to provide
an opaque surface for the use of the laser scanner. Although this affects the scanned output in terms
of surface smoothness, the characterisation of the height difference between the insertion plate and the
bump is relatively unaffected.



2.4. DBD Plasma excitation of TS waves 21

1.4 \ \ \ \ \ \
L |
0.8 — ;.
= ——SERB FFS
& 06 -——SERB middle —
= ——SERB BFS
04 — —
02— —
02 \ \ \ \ \ \ \ \
720 730 740 750 760 770 780 790 800 810

X [mm]

Figure 2.10: Laser scan of the FFS, middle and BFS of the SERB at the midplane

The profiles shown in Figure 2.10 are corrected to account for the inclination of the traverse system
and remove outliers caused by light reflections at the surface discontinuities. First, the largest positive
or negative value of Ay was found to indicate the streamwise location of the FFS and BFS. Since the
surface upstream and downstream of the SERB were on the same plane, the global slope was found to
be

_ 1
Mglob = §(mupstream + mdownstream)'

This inclination is removed from every profile via

Yoorr () = y(x) — Mglop .

Ensuring that the surfaces remained mutually parallel. Then the outliers were removed by separating
the surfaces before the FFS, over bump and after the FFS, and finding the median, y,,.q for each
surface, only keeping the points that satisfy

ycorr(x) < Ymed — Ay

where Ay is a small tolerance to separate unphysical measurements. Figure 2.10 shows the height of
the bump to be &~ 1.2 mm (h/§*= 0.869). This differs from the initial assumption of a 1.1 mm (h/§*=
0.797) bump height for the initial calculations, but this change is not significant for the present study, as
this new h/§* value still places this bump within the subcritical range as discussed in subsection 2.3.1,
meaning that no transition is expected at the FFS of the SERB.

2.4. DBD Plasma excitation of TS waves

This section provides background on the working principle of DBD plasma actuators. The mechanism
by which the actuator excites TS waves is discussed in subsection 2.4.1, followed by the construction
of the insertion plate used to integrate the plasma actuator and surface microphones into the flat-plate
test section in subsection 2.4.2.

A dielectric barrier discharge (DBD) plasma actuator consists of two asymmetric electrodes separated
by a thin dielectric layer and embedded flush with the aerodynamic surface (Moreau, 2007), as seen in
Figure 2.11a. When an alternating high voltage is applied, a non-thermal surface discharge forms on
the dielectric, producing a thin region of weakly ionised gas above the wall (Corke et al., 2010), shown
in Figure 2.11b. The charged species generated in this plasma layer experience acceleration under
the applied electric field and transfer momentum to the neutral air through collisions, resulting in a
tangential body force localised close to the wall (Benard & Moreau, 2014). Because this mechanism does
not rely on moving components or geometric protrusions, DBD actuators are well-suited for aerodynamic
applications where minimal intrusion into the boundary layer is required (Moreau, 2007).
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Extensive characterisation studies have shown that the induced forcing depends on applied voltage, actu-
ation frequency, electrode shape and gap, and dielectric properties (Forte et al., 2007). Measurements
of power consumption, discharge capacitance and light emission have further clarified how electrical
input relates to plasma formation and actuator efficiency (Kriegseis et al., 2011). The coupling be-
tween discharge behaviour and flow response has also been documented through simultaneous electrical
and aerodynamic measurements, enabling improved interpretation of actuator performance (Benard &
Moreau, 2014). A detailed overview of diagnostics used to quantify the discharge characteristics and
the induced near-wall body force is provided in Kotsonis (2015). Finally, recent reviews summarise
the state of the art in DBD-based boundary-layer flow control and outline pathways toward practical
applications in aeronautics (Kriegseis et al., 2016).
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Figure 2.11: (a) Schematic drawing of a single DBD plasma actuator and (b) Ionised air over the covered
electrode of a DBD plasma actuator during actuation. Reproduced from Corke et al. (2010)

2.4.1. Generation of Tollmien-Schlichting Waves

Time-periodic forcing applied near the wall interacts directly with the instability modes of a laminar
boundary layer, making DBD actuators effective tools for exciting TS waves (Duchmann et al., 2010).
Because the actuator’s body force is confined to the region where TS waves exhibit maximum ampli-
tude, even small-amplitude periodic forcing can generate a measurable instability wave that propagates
downstream (Kotsonis et al., 2010). The frequency content of the disturbance is determined almost
entirely by the applied voltage signal, enabling the actuator to produce controlled disturbances with
prescribed temporal characteristics (Corke et al., 2010).

Experiments have demonstrated that DBD actuators can be used to either amplify or attenuate TS
waves, depending on the phase relation and amplitude of the applied forcing relative to the incoming
instability wave packet (Kotsonis et al., 2015). By driving the actuator with a sinusoidal voltage at a
frequency within the unstable TS band, a nearly monochromatic disturbance can be imposed on the
boundary layer (Duchmann et al., 2010). Adjusting the peak-to-peak voltage modifies the disturbance
amplitude, enabling systematic investigation of finite-amplitude effects and comparison with linear-
stability predictions (Kotsonis et al., 2010).

In the present study, TS waves were generated using a single surface DBD actuator driven by a sinusoidal
waveform at a fixed frequency selected based on the expected TS amplification curve (Figure 2.4). Three
forcing levels were implemented by varying only the peak-to-peak voltage, producing disturbances of
identical frequency but different amplitudes. This approach follows established experimental methodolo-
gies for controlled TS wave excitation using surface DBD actuation. (Duchmann et al., 2010; Kotsonis
et al., 2010, 2015).
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2.4.2. Insertion plate construction

The insertion plate consisted of 2 PMMA plates layers on top of one another:

The first was a rectangular base plate with dimensions 719 mm x 399 mm with a height of 8 mm.
M4 holes were tapped along the periphery to secure it to the flat plate test section. Fourteen ¢6.1
mm microphone cavities were drilled into this base plate along the centerline of the plate as seen in
Figure 2.12. Holes were also made in this base plate to accommodate the connection pins for the plasma
actuator. The ends of the ground electrode for the plasma actuator were rounded off to prevent charge
accumulation resulting from sharp edges, and then attached to this base plate, ensuring no air bubbles
were trapped on application that would ionise to plasma during operation. Kapton tape was placed
over this ground electrode to ensure no air would be trapped next to it.

The top plate had a height of 1 mm with the same length and breadth as the base plate, and was bonded
to the base plate using a spray-on adhesive. The high voltage electrode, which would be exposed to
the flow, was then fabricated and attached to the surface of this top plate, staggered from the ground
electrode, as seen in Figure 2.12, with the same application precautions as the ground electrode were
taken to prevent charge accumulation. ¢1.2 mm connection pins, also rounded off for the same reason,
were then soldered onto these electrodes.

Once this insertion plate was secured to the flat plate, these electrodes would be located 25 mm from
the edge of the slot edge of the flat plate test section; a sufficient offset to reduce the likelihood of arcing
from these pins to the surrounding aluminium flat plate during operation.

1

Figure 2.12: CAD model of the insertion plate with DBD plasma actuator, mounting holes and mic cavities

These two layers were then cleaned with ethanol and bonded using a spray adhesive with the connection
pins from the top plate guided through the holes on the base plate to ensure alignment between the
two layers.

Once these two layers were bonded, 0.4 mm pressure tap holes were drilled into the top plate, aligned
with the microphone cavities on the base plate. Mics were then placed into these cavities with the
diaphragm up to the surface of the top plate, and aligned with the pressure tap holes. The microphone’s
leads (Drain, Source, Ground) were wired to shielded 3.5 mm jack cables, which were then connected
to a data acquisition box, allowing the microphone signals to be recorded digitally. The rear volumes
of the microphone cavities were sealed using Plasticine to eliminate acoustic leakage. The effectiveness
of the sealing was assessed by directing pressurised air toward the sealed regions and observing the
corresponding microphone output, with the absence of measurable signal variation taken as confirmation
of adequate sealing.

The microphone signal cables were electrically shielded and physically routed away from the high-voltage
supply lines feeding the plasma actuator (red cable in Figure 2.7b) in order to reduce electromagnetic
interference and prevent contamination of the acoustic measurements by electrically induced noise.
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(b)

Figure 2.13: (a) Electrodes of the plasma actuator, with initial microphones visible. (b) Uniform blue
plasma created when the plasma actuator is active.

2.5. Flow Measurement Techniques

This section describes the measurement techniques used to characterise the boundary-layer flow and
the disturbance field generated during the experiments. The operating principle and implementation of
hot-wire anemometry used to resolve the boundary-layer velocity field are presented in subsection 2.5.1,
followed by a description of the surface microphones used to monitor pressure fluctuations in subsec-
tion 2.5.2. The spatial arrangement of the microphones and hot-wire measurement locations is then
detailed in subsection 2.5.3. Additional instrumentation used to monitor the freestream conditions and
pressure environment of the test section is described in subsection 2.5.4 and subsection 2.5.5. Finally,
the use of infrared thermography as a qualitative method for monitoring boundary-layer transition is
discussed in subsection 2.5.6.

2.5.1. Hot Wire Anemometry

Hot-wire anemometry (HWA) is a measurement technique used to resolve fluid velocity with very high
temporal and spatial resolution by exploiting the dependence of convective heat transfer on flow speed.
The method is based on monitoring the rate of heat loss from a thin electrically heated wire when it
is placed in a moving fluid. As the local velocity increases, convective cooling of the wire intensifies,
altering its temperature and electrical resistance. By measuring the electrical response required to
compensate for this heat loss, the local flow velocity can be inferred (Bruun, 1995; Tropea et al., 2007).

Constant Temperature Hot-Wire Anemometry:

In the present study, the hot wire was operated in constant-temperature anemometry (CTA) mode. In
a CTA system, the wire forms one arm of a Wheatstone bridge and is maintained at an approximately
constant temperature by a high-bandwidth electronic feedback circuit. Any change in convective heat
loss caused by a velocity fluctuation leads to a change in wire resistance, which unbalances the bridge.
The feedback amplifier responds by adjusting the bridge voltage such that the wire resistance—and
hence its temperature—is restored to its prescribed operating value. The instantaneous bridge voltage
required to maintain this thermal equilibrium constitutes the CTA output signal and provides a measure
of the local flow velocity (Bruun, 1995; Tropea et al., 2007).

The relationship between the CTA output voltage and the flow velocity is commonly described using
King’s law, an empirical expression obtained from the steady heat balance of the wire,

E?*= A+ BU", (2.6)

where F is the bridge voltage, U is the local flow velocity, and A, B, and n are calibration constants.
The exponent n typically lies between 0.45 and 0.55 for air flows, reflecting the velocity dependence
of convective heat transfer from a slender cylinder (Bruun, 1995). As emphasised by Bearman (1984),
King’s law should be regarded as a practical calibration model rather than a fundamental physical law,
and its validity must be established through careful calibration over the velocity range of interest.

A major advantage of CTA operation is its excellent frequency response. Because the wire temperature
is actively regulated, the effective thermal time constant of the sensor is significantly reduced compared
with constant-current operation, allowing the system to resolve small-amplitude, high-frequency velocity
fluctuations. The achievable bandwidth depends on the wire diameter, wire length, operating overheat
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ratio, and the tuning of the feedback electronics, but is generally sufficient for resolving the narrowband
disturbances associated with TS waves in laminar boundary layers (Bruun, 1995; Tropea et al., 2007).
This makes CTA particularly suitable for the present investigation, where the objective is to measure
periodic instability waves rather than broadband turbulent fluctuations.

Accurate use of CTA requires careful velocity calibration of the hot-wire probe. Calibration is performed
by exposing the wire to a series of known reference velocities, typically obtained from a low-turbulence
calibration jet or a uniform free-stream region of the wind tunnel, and recording the corresponding bridge
voltage. The resulting voltage—velocity relationship is then fitted using King’s law or an equivalent
empirical model. Bruun (1995) stresses that calibration should be carried out under flow conditions
as close as possible to those encountered during the experiment, particularly with respect to ambient
temperature and pressure, in order to minimise systematic errors. Furthermore, repeated calibrations
before and after the measurements are recommended to detect wire contamination or drift in operating
conditions, which can otherwise lead to bias errors in the inferred velocity (Bearman, 1984).

In the present experiments, a single-sensor hot-wire probe was used. A fundamental limitation of single-
component HWA is that it measures only the magnitude of the velocity component normal to the wire,
without directional information. In a nominally two-dimensional laminar boundary layer, this mea-
surement is dominated by the streamwise velocity component, with only a small contribution from the
wall-normal component. However, because flow reversal cannot be detected unambiguously with a sin-
gle wire, regions of reversed flow—such as recirculation zones downstream of geometric discontinuities—
cannot be identified directly from the mean velocity signal. In such cases, frequency-domain information
and changes in spectral content are commonly used to infer the presence of reversed or separated flow,
consistent with standard hot-wire practice (Bruun, 1995; Tropea et al., 2007).

e

55P15 Boundary layer type

Figure 2.14: Dantec 55P15 probe

HWA measurements were performed using a Dantec Dynamics 55P15 single-sensor miniature boundary-
layer probe (Figure 2.14). The sensing element consists of a platinum-plated tungsten wire of diameter
5 pm and length 1.25 mm, spanning the distance between a pair of offset support prongs, allowing the
sensing element to be positioned close to the wall while keeping the probe body outside the boundary
layer, thereby reducing flow disturbance and conductive heat losses to the support structure. This probe
was mounted such that the sensing wire was oriented parallel to the spanwise (z) direction to measure
the velocity in the (z,y) plane of the boundary layer consisting of a streamwise velocity component U,
with a small contribution from the wall-normal component U, for this 2-D flow.

The probe was connected to a TSI IFA300 constant-temperature anemometry (CTA) system.

At each measurement location, the hot-wire anemometer signal was sampled at a frequency of f; =
51.2 kHz over a period of t = 3 seconds .This resulted in

N = f, x t = 51,200 x 3 = 153,600 (2.7)

samples per height. The corresponding time resolution between samples was

1
At = A ~ 19.5 us, (2.8)

which is orders of magnitude smaller than the characteristic time scales of the imposed TS waves
(frequencies of O(10%) Hz), and therefore more than sufficient to resolve their temporal evolution. The
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sampling frequency sets the Nyquist limit at

fv= fg = 25.6 kHz, (2.9)

ensuring that all relevant fluctuation frequencies in the present boundary-layer flow, including the
fundamental forcing tone and its higher harmonics, lie well below the aliasing limit. This sampling
strategy provided adequate bandwidth for subsequent spectral analysis and digital filtering (Oppenheim
& Schafer, 2014; Schlichting & Gersten, 2017).

Using the full set of 153,600 samples at each position allowed for statistically converged estimates of
the mean velocity, RMS fluctuations. These statistics were used consistently across all measurement
stations using identical acquisition parameters, ensuring comparability of the hot-wire data between
cases.

2.5.2. Microphones
The microphones that were embedded in the surface were the 6 mm diameter POM-2739L-HD3-LW100-
R, which is an omnidirectional microphone

2.5.3. Mics and HW measurement locations
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Figure 2.15: (a)Arcsine spacing of HW measurement points from the wall, (b) Addition of the extra point at
calibration height.

60 measurement points were taken for the boundary layer sweep starting from the wall to 6 mm above
the wall in the plate-normal direction. Initially, log spacing the points in the HW sweep was planned,
but this resulted in a clustering of points near the wall (60 pts within 6 mm), requiring finer spatial
resolution (below 1 pm) than was possible with the traverse system. Thus, arcsine spacing was used
instead, as shown in Figure 2.15a. One additional point in the freestream at the calibration height, as
seen in Figure 2.15b, was taken after these 60 points for each BL sweep. This was done to correlate
velocities at each sweep location to the calibration height. However, going forward, the outermost point
is excluded from further plotting routines.

It was important to capture BL information further upstream, away from the influence of the FFS of
the bump, and so, the first sweep, P1, was placed at 602 mm as shown in Figure 2.16. More importantly
for this research, the HW sweeps needed to capture boundary layer information before the FFS of the
bump, over the bump, and after the BFS of the bump and thus 14 more sweep locations were placed
to cover these positions with equally spaced sweeps from P2 at 700 mm to P15 at 830 mm, in steps of
10 mm. The BL sweeps over the bump retained the same distribution of points, but now offset by the
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bump height as seen in Figure 2.16b. The HW station, P6, was chosen to be exactly over the location of
the FFS at 740 mm. Thus, a 1 mm offset was given to this point (741 mm) for the clean case (shown in
Figure 2.16a), so that the sweep at that point for the bump would be at the same x location. However,
this P6 sweep location had to be further offset by 1 mm (placing it at 742mm) for the bump case (shown

in Figure 2.16b), to make sure that the prongs of the HW did not extend past the top edge of the FFS
of the bump.
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Figure 2.16: Mic, and HW sweep locations for the (a) clean (GO) case, and (b) bump (G1) case .
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Microphones ‘ Hot-wire
Label z [mm] | Label z [mm]
Mic 1 430 P1 602
Mic 2 480 P2 700
Mic 3 530 P3 710
Mic 4 580 P4 720
Mic 5 640 P5 730
Mic 6 665 P6 741 (G0), 742 (G1)
Mic 7 690 p7 750
Mic 8 715 P8 760
Mic 9 815 P9 770
Mic 10 840 P10 780
Mic 11 865 P11 790
Mic 12 890 P12 800
Mic 13 915 P13 810
Mic 14 940 P14 820

P15 830

Table 2.5: Streamwise locations of microphones and hot-wire (HW) sweep stations.

The z locations for all the HW sweeps, as well as the mic locations, are given in Table 2.5. The
positioning of the mics and boundary layer sweep locations was done based on constrainsts of the
setup, while still being evenly spaced to capture wave growth upstream and downstream of the bump,
especially covering regions where hot wire data wasn’t present. These mics were used for monitoring
athe mplitude and frequency of the surface pressure fluctuations of the T'S wave triggered by the plasma
actuator. Since the plasma actuator was placed at a streamwise location of 380mm, 4 mics were equally
spaced between the actuator and the first structural crossbar element of the test section. Then, after
this crossbar, 4 mics were spaced evenly up to the FFS of the bump. Five more mics were then placed
downstream of the BFS, up to the end of the insertion plate. As the insertion plate was not removed
(bump secured on top of the insertion plate), the position of these mics, seen in Figure 2.16, remained
unchanged throughout the experiment.

2.5.4. Freestream Pitot tube

Freestream velocity was captured using a pitot-static tube located on the side of the wind tunnel wall
in the free stream. Pitot static tubes measure the dynamic pressure at the probe by measuring the
difference between the total pressure and the static pressure at the location of the pitot tube. From the
dynamic pressure, the freestream velocity is measured as

Uy = | 2P0 = Px) (2.10)

p

where pg is the total pressure and p., is the static pressure at the pitot tube.

2.5.5. Static pressure measurement

Surface pressure measurements along the flat plate were collected through surface pressure taps, which
consist of small orifices perpendicular to, and flush with the wall, routed through a cavity on the
rear side of the test section and connected to an external pressure transducer to be monitored on the
A-tunnel computer. This arrangement allows for the measurement of the static pressure at the wall
without significantly disturbing the external flow.

124 surface pressure taps (62 on either side of the flat plate as seen in Figure 2.7, with 57 pressure
taps on the flat plate and 5 on the MSE nose) at a distance of 110 mm from the lateral walls. This
allows for the detection of streamwise pressure gradients. These pressure taps are also staggered in the
x direction, between the left and right sides of the plate, to allow for spanwise pressure comparison and
provide greater streamwise fidelity.
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Figure 2.17: Pressure variation across the clean flat plate test section at Us = 17.4 m/s, based on surface
pressure taps

Figure 2.17 shows that there is little variation over the streamwise extent of the flat-plate region down-
stream of the nose, indicating nearly constant external pressure. The pressure coefficient was defined
as

D — Poo

C,=+——,
b %PooUgc

(2.11)

where p is the measured static pressure at the pressure tap, po the freestream static pressure at the
pitot tube, po, the freestream density measured in the tunnel, and U, the freestream velocity. To
quantify the streamwise pressure gradient, the acceleration parameter

_LdUe
U2 da

(2.12)

was evaluated, where v is the kinematic viscosity,and edge velocity is found from Bernoulli’s equation
(incompressible flow) using U, = Uso/1 — C),.

Exluding the data from the pressure taps over the elliptical nose of the flat plate, the mean acceleration
parameter was found to be K = 8.3 x 10~?, which is well below the commonly accepted threshold for
significant pressure-gradient effects (K = 1 x 10~® from Schultz and Flack (2007)), confirming that the
boundary layer develops under near ZPG conditions.

2.5.6. Infrared Thermography

Infrared thermography (IRT) is a non-intrusive technique commonly used to visualise boundary-layer
transition by detecting changes in surface temperature. When the surface is heated, a laminar boundary
layer transports heat away from the wall primarily through molecular diffusion, as the flow in this region
is characterised by low wall shear and minimal wall-normal mixing. This limited transport leads to a
relatively shallow temperature gradient at the wall, so the surface retains more of the imposed heat
and appears warmer in an infrared image. In contrast, a turbulent boundary layer exhibits much
higher wall shear and contains fluctuations and eddies that promote vigorous wall-normal exchange of
momentum and thermal energy. This enhanced mixing steepens the near-wall temperature gradient
and generates a substantially larger convective heat flux, causing the surface to cool more rapidly under
the same heating conditions. The abrupt increase in both wall shear stress and heat-transfer coefficient
as the flow transitions from laminar to turbulent produces a distinct temperature contrast, enabling
the transition location to be clearly visualised using infrared thermography.
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In the present experiment, IRT was employed solely as a qualitative diagnostic to monitor for transition
over the flat plate. The plate was heated from the rear using halogen lamps, and an infrared camera
mounted above the test section captured the entire flow-exposed surface within its field of view. Because
the aim of this study was not to measure transition location with high precision, no quantitative
processing (such as geometric dewarping or image-based heat-flux estimation) was required, and no
structural modifications—such as cutting optical ports into the Perspex walls—were necessary.

Using this qualitative IRT method, a wedge-shaped turbulent wake was observed behind a solder puddle
on the upper electrode of the plasma actuator. This feature indicated premature local transition and
was eliminated by reshaping the solder puddle until the wedge pattern disappeared. IRT also confirmed
that, for the selected Reynolds number (Re = 1.5 x 10%), the SERB did not trigger full transition for any
of the forcing cases. Although some intermittency was visible near the last microphone at the highest
forcing amplitude, the boundary layer remained largely laminar over the length of the insertion plate
for all trigger conditions.

2.6. Corrections

This section describes the corrections applied to the raw measurement signals prior to spectral analysis
and interpretation. Plasma-induced electromagnetic interference (EMI) arising from the high-voltage
actuation system was removed using a wind-off reference subtraction method, described in subsec-
tion 2.6.1. The calibration procedure used to convert microphone voltage signals to acoustic pressure
is presented in subsection 2.6.2. Finally, the correction applied to determine the physical wall location
in the hot-wire boundary-layer measurements is described in subsection 2.6.3.

2.6.1. Plasma-Induced Electromagnetic Interference Subtraction

AC DBD plasma actuators produce periodic voltage and discharge-current signals at the actuation
frequency and its harmonics (Benard & Moreau, 2014; Corke et al., 2010; Forte et al., 2007). This
behaviour is inherent to the operation of surface DBD plasma actuators and is associated with the
repeated processes of charge deposition, dielectric relaxation, and filamentary discharge (Moreau, 2007).

The high driving voltages and voltage slew rates can lead to electromagnetic coupling with nearby
measurement electronics, including CTA systems. This coupling introduces narrowband spectral peaks
at integer multiples of the forcing frequency, which are electrical artefacts rather than flow-induced
fluctuations.

Background electromagnetic interference (EMI) was also observed during the experimental campaign,
most prominently in the microphone measurements. This is illustrated in Figure 2.18, which shows
the power spectral density (PSD) of the microphone signals under wind-off conditions with the plasma
actuator switched off and on. This figure shows the spectral peaks at 50 Hz and its harmonics (in
increments of 100 Hz). These peaks likely originate from power grid interference (mains frequency =
50 Hz).

In addition, a narrowband peak is observed when the plasma actuator is active (plasma triggered at
290 Hz in Figure 2.18b), indicating either electromagnetic coupling or acoustic transmission of the
actuator signal to the microphones. Since these features are present under wind-off conditions, they are
not associated with boundary-layer disturbances and are treated as non-aerodynamic artefacts in the
subsequent analysis.

To remove plasma-induced EMI, a wind-off reference template was constructed for both the hot-wire
and microphone channels. For each sensor, wind-off recordings acquired with the plasma actuator ON
and OFF were subtracted to obtain an EMI template E(f) containing only plasma actuator-related
spectral components. During wind-on measurements, the measured PSD was corrected by subtracting
this wind-off reference spectrum associated with plasma actuation. The subtraction was applied only
in narrow frequency bands centred on the triggered frequency and its harmonics, thus removing the
actuator-induced spectral component while preserving the broadband flow-induced content. Since the
reference spectrum was obtained under wind-off conditions, the resulting corrected spectra represent
the aerodynamic response of the boundary layer without contamination from plasma-related electro-
magnetic interference.
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Figure 2.18: Baseline microphone measurements:(a) Wind-off, plasma actuator-off, (b) Wind-off, plasma
actuator-on.

The subtraction was applied in the PSD domain using Welch-averaged spectra (Welch, 1967), rather
than on individual Fourier amplitudes. This choice reflects standard practice in spectral analysis, where
corrections are applied to statistically converged spectral estimates (Bendat & Piersol, 2010; Oppenheim
& Schafer, 2014). After subtraction, the microphone PSDs were converted to sound pressure level (SPL)
using the calibrated microphone sensitivities, while hot-wire spectra were retained in velocity-squared
units. The corrected spectra were subsequently used for all modal, harmonic-content, and TS wave
growth analyses.

2.6.2. Microphones calibration

The surface-pressure microphones were calibrated using a GRAS 42A A pistonphone, which generates a
prescribed single-tone sound pressure level at a nominal frequency. For each microphone channel, the
pistonphone was placed directly over the corresponding pressure tap using the supplied nozzle adapter,
which acoustically isolated the microphone during calibration and ensured a repeatable calibration
cavity.

The pistonphone provides a reference sound pressure level of L., = 114.01 dB re 20 pPa at a nominal
frequency of fca1 = 250 Hz. The standard reference pressure is pg = 20 pyPa and the corresponding
reference RMS pressure amplitude is

Pcal,rms = Po 10Lca1/20- (213)

For each microphone, a calibration time series v(t) (in volts) was recorded while the pistonphone tone
was applied. The voltage RMS associated with the calibration tone was obtained using a narrowband
RMS estimate around fe, (within a bandwidth of +A f, with Af = 3 Hz). Using the one-sided voltage
power spectral density Sy, (f), the narrowband voltage RMS was computed as

featAF 1/2
Vcal,rms — (/f va(f) df) . (214)

cal—Af
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The microphone sensitivity (for each channel) was then defined as

K = Jeabmms -y pa) (2.15)

Pcal,rms

which was was subsequently used to convert measured microphone voltages to acoustic pressure. In the
frequency domain, the voltage spectrum at the pistonphone calibration frequency f.. was extracted,
and the corresponding pressure spectrum was obtained using

Sm;(f)
Spp(f) = K2 9 (216)
where Sy, (f) and S,,(f) denote the voltage and pressure power spectral densities, respectively.
The sound pressure level was then computed from the pressure spectrum using
I —10] Pims
p = 1U10g;0 R (2.17)
Po

where py = 20 pPa is the reference pressure.

2.6.3. HW wall correction using velocity profiles

For each streamwise (x) hot-wire measurement location, the wall was first located using a Taylor—Hubson
micro-alignment telescope. Once visual confirmation was obtained by ensuring that the prongs of the
hot-wire probe were in contact with the surface, the probe was withdrawn and subsequently advanced
in small increments towards the wall until the measured velocity reached approximately 0.1 U /U,. This
provided a repeatable reference point for the onset of the near-wall region, from which the subsequent
wall-finding correction based on the hot-wire velocity profile was applied.

In the raw hot-wire measurements, the mean velocity profile typically exhibits a shallow near-wall “tail”,
where the measured velocity remains artificially elevated instead of tending smoothly toward zero, as
seen in the black line in Figure 2.19 for values close to y=0 mm. This behaviour arises from the
combined influence of natural convection and, more significantly, thermal conduction from the heated
wire to the surface when the probe is positioned close to the wall. As the wire approaches the solid
boundary, part of its heat is conducted into the plate rather than being convected solely by the flow,
reducing the wire’s sensitivity to low velocities. The CTA feedback circuit therefore responds as if
the local flow speed were higher than it truly is, yielding a non-zero apparent velocity even when the
physical fluid velocity is very small. This effect renders the last few measurement points unreliable and
prevents direct identification of the no-slip point from the raw signal, necessitating a post-processing
correction to accurately locate the wall.

Because the clean flat-plate flow corresponds to a zero-pressure-gradient (ZPG) boundary layer, the
streamwise pressure gradient satisfies dp/dx = 0, which implies 9?°U/dy?|,—0 = 0 from the laminar
boundary-layer equations. Consequently, the near-wall velocity variation is locally linear, making a
linear least-squares fit appropriate for determining the wall position (Schlichting & Gersten, 2017; E. B.
White & Ergin, 2004).

A fit window was then defined from a lower bound at the location of the near-wall maximum of the
velocity curvature |02U /dy?| (spike in the purple line in Figure 2.19), to an upper bound at the point
where U /U, = 0.40 (marked by the blue dashed line in Figure 2.19). This interval consistently captured
the region of the profile where the velocity variation remained approximately linear while excluding
points affected by conduction and natural convection near the wall. A straight line was fitted to this
window, and its intercept with U = 0 was taken as the wall position. All raw wall-normal coordinates
were corrected according to

Ycorr = Yraw — Ywall, (218)

Ensuring that y.o,r = 0 coincides with the physical wall so that the profile satisfies the no-slip condition.
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Figure 2.19: Height correction for the HW boundary layer profile for the =700 mm station of the clean
(GO), untriggered (T0) case

The wall-shift correction was applied only to the clean flat-plate configuration (GO0) as the near-wall
velocity profiles exhibit a monotonic laminar boundary-layer structure, with a locally linear behaviour
in the viscous sublayer that permits the above method of wall extrapolation.

On the other hand, the SERB configuration (G1) is influenced by local geometric perturbations, leading
to modified pressure gradients and altered near-wall shear distributions. At several streamwise stations,
the velocity profiles exhibit pronounced curvature and, in some cases, non-monotonic behaviour in
the near-wall region. Under such conditions, the above linear extrapolation towards the wall is not
well-defined and may lead to biased wall-position estimates. Previous studies (Barahona, 2022) have
addressed this difficulty by using reference DNS solutions to refine wall-location estimates in the presence
of geometric perturbations. Since the current study did not include a reference solution for the present
SERB geometry, no wall-shift correction was applied to the G1 configuration, thereby avoiding the
introduction of additional modelling assumptions.

2.7. Data Processing

This section describes the signal-processing methods used to analyse the time-resolved hot-wire and
microphone measurements. Fast Fourier Transform (FFT) are first introduced in subsection 2.7.1,
followed by the estimation of power spectral densities using Welch’s method in subsection 2.7.2.

2.7.1. Fast Fourier Transforms
The Discrete Fourier Transform (DFT) provides a mapping from the time domain to the frequency

domain by projecting a sampled signal onto a set of orthogonal complex exponentials. For a discrete
signal z[n] of length N, the DFT is defined as

N-1
X[k] = Z x[n) e~ 12mkn/N (2.19)

n=0

which decomposes the signal into its constituent frequency components. For laminar boundary-layer
experiments, this decomposition enables identification of disturbance modes, such as TS waves, and any
harmonics or subharmonics introduced by external forcing (e.g. plasma actuation).

Direct computation of the DFT requires O(N?) operations, which becomes prohibitively expensive for
long measurement records. The Fast Fourier Transform (FFT), (Cooley & Tukey, 1965), reduces this
cost to O(Nlog N) by exploiting symmetries in the DFT kernel. The FFT is therefore the standard
numerical tool for spectral analysis in experimental fluid mechanics (Tropea et al., 2007). In the present
study, FFTs were applied to all hot-wire and microphone signals as an initial diagnostic step to reveal
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dominant disturbance frequencies, the fundamental plasma forcing tone, and higher-order harmonics
prior to statistically converged PSD estimation.

2.7.2. Power Spectral Density Using Welch's Method

While FFTs allow inspection of the instantaneous frequency content, quantitative assessment of distur-
bance energy across frequencies requires a statistical estimator of the Power Spectral Density (PSD).
The PSD describes how the variance of a stationary signal is distributed over frequency and is defined
as the Fourier transform of the autocorrelation function (Bendat & Piersol, 2010). In laminar boundary-
layer stability experiments, PSD estimates are particularly useful for extracting the amplitudes of TS
waves, forced disturbances, and harmonic content associated with periodic excitation.

Welch’s method (Welch, 1967) improves the statistical convergence of PSD estimates by dividing the
signal into overlapping segments, applying a window function to reduce spectral leakage, computing
FFTs of each windowed segment, and averaging the resulting periodograms. This process reduces
estimator variance while maintaining a usable level of frequency resolution. For a segment length M
and sampling frequency fs, the corresponding frequency-bin width is

[s
Af == 2.2

j=t (220)
which sets the narrowband resolution of the PSD and must be chosen with regard to the expected TS

wave frequency band and the plasma forcing frequency.

Welch-averaged PSDs were used for all hot-wire and microphone measurements in this study. The
method provides statistically converged estimates of the disturbance energy at the fundamental forcing
tone, its harmonics, and the natural TS wave frequencies. Because PSD estimates are linear in the
underlying second-order statistics, the PSD domain also provides a robust basis for removal of plasma-
induced electromagnetic interference via template subtraction. The resulting PSD distributions allow
precise tracking of disturbance amplification and modal development throughout the laminar boundary
layer.



Results

This chapter presents the results obtained from the experimental measurements for both the clean flat-
plate case (GO) and the SERB case (G1), with the aim of addressing the research questions stated in
section 1.5. In particular, the chapter examines how the boundary-layer response to the SERB depends
on the amplitude of the incoming forced TS wave, with emphasis on harmonic content (section 3.1),
wall-normal disturbance structure (section 3.2), and downstream disturbance growth (section 3.3).

3.1. Harmonic Content

This section will examine the frequency content of the hot-wire measurements at each streamwise station
for both the clean plate in subsection 3.1.1 and SERB cases in subsection 3.1.2. By analysing the FFT
spectra across the wall-normal hot-wire sweeps, the evolution of the forced fundamental, its harmonics,
and any additional spectral features can be compared as a function of streamwise location and forcing
amplitude.

At each streamwise x station, a one-sided FFT amplitude spectrum is computed from the velocity time
series at each discrete wall-normal height, y, of the HW boundary-layer sweep, resulting in an amplitude
matrix A(f,y;x) which is plotted as a spectrogram for each y of the boundary-layer profile on the y
axis, and the entire frequency range up to the Nyquist frequency (25.6 kHz), shown on a log scale on
the x axis. Because spectral amplitudes span a large dynamic range, the spectrograms are typically
displayed in decibels via

Z(y, f12) = 20logyo (A(f, y: %) + ), (3.1)

where ¢ is a small constant that prevents log(0); this conversion is for visualisation only and does not
alter the underlying linear amplitudes. These spectrograms are presented below, comparing across
different trigger cases, for the z stations of the HW measurements.

3.1.1. Clean case

In the clean case, the fundamental trigger frequency of 210 Hz appears as a narrow peak, highlighted
using a lightened bar in the figures below. The 4 tiles refer to the 4 plasma trigger cases, with TO = no
triggering and T1 to T3 going from lowest to highest amplitude.

Figure 3.1, is the measurement taken at the most upstream HW boundary-layer sweep (refer Figure 2.15).
In this figure and the following figures, low-frequency peaks (below ~75 Hz) are assumed to be wind-
tunnel/structural vibrations during wind-on conditions, as they exist for a low frequency range (=~ 10
to 60 Hz). These peaks are unlikely to be the influence of background EMI or plasma EMI as these
were removed using the wind-off baselines, as detailed in section 2.6.

Figure 3.2 shows the row-normalised spectrogram for the T3 case at = 602 mm (like in Figure 3.1),
where the FFT amplitude at each wall-normal position is normalised by its local maximum. This
representation highlights narrow-band tones that would otherwise be less visible against the broadband
background. The imposed excitation appears as a sharp line at the trigger frequency f. = 210 Hz.

35
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In addition, discrete low-frequency peaks are observed at ~ 20 Hz, with accompanying components at
~ 10 Hz and ~ 40 Hz, and a weaker contribution near ~ 5 Hz. Rough estimates of the coupled bending
dynamics of the traverse stepper motor assembly (approximated as a rectangular-section cantilever) and
the attached hot-wire sting (approximated as a cylindrical-section cantilever), using representative steel
properties and the measured cantilever dimensions, place the first bending mode in the O(10) Hz range,
i.e. in the same ballpark as these peaks. The repeated appearance of this peak set therefore supports a
structural interpretation, with the ~ 20 Hz tone taken as the fundamental vibration, the ~ 40 Hz peak
as its first harmonic, and the &~ 10 Hz and ~ 5 Hz components interpreted as subharmonics. On this
basis, the low-frequency tones in Figure 3.2 are attributed to vibration of the traverse/sting assembly
rather than boundary-layer instability dynamics.

GO - FFT spectrograms at x = 602 mm

|
&
&

FFT amplitude [dB]

-120

HW 'y [mm]

-140

10t 10? 10° 10* 10? 10° 10*
Frequency [Hz] Frequency [Hz]

Figure 3.1: FFT spectrogram at streamwise station x = 602 mm for the clean case, GO.
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Figure 3.2: Normalised FFT amplitude at streamwise station z = 602 mm for the clean case, GO, Highest
forcing amplitude, T3
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Figure 3.3 is the measurement taken at the HW sweep location in the clean case corresponding to the
FFS of the bump. The fundamental of the trigger frequency (f. =210 Hz) peaks around this x = 741
mm station. In addition, spectral peaks at the harmonics 2f. (420 Hz) and 3f. (630 Hz) are also
observed. These higher harmonics are also perceptible at downstream stations, as seen in Figure 3.4
at the z = 820 mm station, but do not exhibit systematic downstream growth. This suggests that the
dominant instability dynamics at these stations are captured by the forced fundamental, with these
harmonics introduced by the forcing rather than as evidence of distinct, growing higher-frequency TS
modes.
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Figure 3.3: FFT spectrogram at streamwise station x = 741 mm for the clean case.

The low-frequency peaks in Figure 3.1, Figure 3.3, and Figure 3.4 form a narrow-band set centred around
~ 20 Hz, with accompanying subharmonic/harmonic content at ~ 10 Hz and ~ 40 Hz, and a weaker
component near ~ 5 Hz. These tones are present for all trigger conditions and appear with comparable
intensity at each of these x stations, suggesting a repeatable, structural (instrumentation-induced)
origin, rather than a flow-instability feature. The peaks are most clearly observed within the boundary
layer (y =~ dg9 ~ 4 mm at these stations, according to Figure 2.2). This wall-normal localisation is
consistent with probe/support vibration: a small motion of the hot-wire produces an apparent velocity
fluctuation that scales with the local mean shear, u’ ~ n(t) OU /9y, so the response becomes weak in the
freestream where OU /0y — 0. Hence, these tones appear strongest inside the boundary layer because
the mean shear is largest there, so any probe motion produces a larger apparent u’, whereas in the
freestream the same motion has little effect.

Additionally, when comparing the triggered cases between these figures at different streamwise stations,
a general increase in the amplitude of the lower frequencies can be perceived, visualised as a spreading
region of warmer colours, most clearly seen for the T3 case when moving from Figure 3.1 at z = 602
mm, to Figure 3.3 at = 741 mm, and then Figure 3.4 at z = 820 mm. This general increase in
the amplitude of the lower frequencies might be attributed to a spreading of energy between these
frequencies when moving in the downstream direction, with the higher trigger cases having stronger
actuator forcing and seeing greater mixing. This trigger amplitude-based mixing will become even more
relevant in the following section.
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Figure 3.4: FFT spectrogram at streamwise station = 820 for the clean case.
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3.1.2. Bump Case

Figure 3.5, located at x= 700 mm (40 mm ahead of the SERB), shows that the z-stations far ahead
of the FFS for the SERB case are spectrally similar to the clean case, with the previously noted low
frequency peaks attributed to structural vibrations still being present, and the amplitude peaks due to
the increased forcing amplitude from TO to T3 are also observable. The supposed spreading of energy
between frequencies that increases with greater forcing amplitude is also seen in Figure 3.5; most evident
in the highest forcing case, T3.

The spectra in Figure 3.5 do, however, differ from the clean case in that there is a slight upward shift in
wall-normal concentration of high energy, consistent with the mild boundary-layer thickening induced
by the adverse pressure gradient approaching the FFS.
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Figure 3.5: (a) FFT spectrogram at streamwise station = 700 for the bump case. (b) HW sweep location
for z = 700.

In the vicinity immediately upstream of the FFS, the boundary layer experiences a rapidly increasing
adverse pressure gradient that generates the first near-wall recirculation region discussed in subsec-
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tion 1.4.2. This produces a strong local enhancement of wall-normal shear, which is known to amplify
TS modes in a purely modal manner (Barahona et al., 2025).

The spectrogram at = 730 mm (10 mm ahead of the FF) in Figure 3.6 reflects this behaviour. All trig-
gered cases exhibit a clear increase in the amplitude of the forced TS mode at f. = 210 Hz (highlighted),
consistent with the expectation that the APG-induced shear layer strengthens the modal growth rate
of the incoming TS wave. A corresponding increase in the clarity and amplitude of the harmonics is
also visible: the 3f. harmonic strengthens for all forcing levels, and the 3 f. harmonic becomes distinct
for T2 and T3.

Importantly, the high-frequency broadband content remains unchanged relative to upstream stations.
The absence of broadband growth indicates that the recirculation region has not induced any inflectional
instability or secondary instability, and that the amplification observed here corresponds strictly to the
linear, modal growth expected for TS waves in adverse-pressure-gradient conditions. This behaviour
matches the upstream evolution reported in Barahona et al. (2025), where the TS mode thickens and
strengthens as the flow approaches the step.
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Figure 3.6: (a) FFT spectrogram at streamwise station = 730 for the bump case. (b) HW sweep location
for x = 730.

Figure 3.7, at =742 mm (just after the FFS at x= 740 mm), shows the first HW z-station downstream
of the FFS, over the bump, with the white section representing the region of the bump. This location
sits at the onset of the second recirculation region that forms over the raised bump surface. While the
spectrogram in Figure 3.7 does not yet show broadband growth, it indicates the laminar nature of this
post-step region. This station sits at the start of the plateau region of the SERB, after the FFS, where
stabilisation of the TS mode occurs, as noted by Barahona et al., 2025. These effects are more clearly
observed in the T'S mode shapes, which will be explored in section 3.2.

In Figure 3.7, the measured low frequency amplitude peaks, attributed to structural vibrations, are also
observed to be displaced by the bump height, previously up to y ~4 mm in the previous z-station, but
now up to y ~5 mm. The shift arises simply because the local wall-normal coordinate, y, is referenced to
the displaced bump surface, which is elevated by approximately 1.1 mm relative to the flat plate. When
viewed in absolute physical height above the wind-tunnel floor, the low-frequency signature remains
unchanged. Therefore, the vibration peaks should not be interpreted as responding to flow features
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over the bump, but as a sensor-level artefact.

G1 - FFT spectrograms at x = 742 mm

LI L

-20

-40

HW y [mm]

I
&
3

FFT amplitude [dB]

-120

HW y [mm]

-140

10? 10° 10* 10t 10? 10° 10%

Frequency [Hz] Frequency [Hz]
(a)
G1: HW sweep P6 at x = 742.0 mm
I | I T
7 . -
6~ 5 —
5 = _
1S
En o |
Eh S
- ~
— " -
3 Red
©
2 - o ,
10 -
0 | | | | | | | | | |
450 500 550 600 650 700 750 800 850 900
X [mm)]
(b)

Figure 3.7: (a) FFT spectrogram at streamwise station = 742 for the bump case. (b) HW sweep location
for x = 742.

As discussed in subsection 1.4.2, the region immediately downstream of the BFS experiences a sudden
expansion, imposing an adverse pressure gradient on the near-wall flow and causing separation at
the BFS lip, and forming a recirculation bubble bounded by a separated shear layer. The following
profiles, from Figure 3.8 at x = 800mm to Figure 3.11 at x = 830mm, were measured downstream
of the BFS (BFS at ¢ = 795mm). Within this region, the mean velocity profile becomes strongly
inflectional, creating a receptive environment for Kelvin—-Helmholtz(KH)-type shear-layer instability
and rapid disturbance amplification, with the most intense fluctuation activity typically concentrated
in the shear layer and near reattachment (Armaly et al., 1983; Hasan, 1992; Teng & Piomelli, 2022).

The FFT spectrograms for Figure 3.8 (and Figure 3.9a) show a distinct band of reduced low-frequency
amplitude around y ~1.2 mm. This height is consistent with the approximate location of the separated
shear layer that forms above the recirculation region downstream of the BFS. The shear-layer core may
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appear as a local minimum in low-frequency spectral energy when the dominant low-frequency content
is not shear-layer-originated (Hasan, 1992). Therefore, the presence of a distinct low-frequency “notch”
at a nearly fixed y provides qualitative evidence of a separation shear layer.

Figure 3.8 shows a horseshoe-shaped contour greater than 1 kHz, centred at y ~1 mm. This feature
corresponds to the natural frequency band of the KH-type instability supported by the separated
shear layer. The recirculation zone beneath the shear layer contains comparatively weak high-frequency
fluctuations, while the outer flow above the shear layer attenuates these motions, yielding a closed
contour in the (y, f) plane (Teng & Piomelli, 2022; Wang & Gaster, 2005). As the forcing increases
(from T1 to T3). The loss of clarity in these clearly identifiable narrow-band structures indicates the
previously noted ”smearing” effect of the higher forcing levels and might be an indicator of transition
to turbulence.

G1 - FFT spectrograms at x = 800 mm
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Figure 3.8: (a) FFT spectrogram at streamwise station x = 800 for the bump case. (b) HW sweep location
for x = 800.

In Figure 3.9a, the high-frequency horseshoe-looking contour associated with the separated shear layer
remains clearly identifiable for the unforced case (T0). While the T1 amplitude still shows remnants
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of the shear layer instability, the addition of forcing seems to cause energy mixing in the y direction,
and the “horseshoe” appearance for this instability disappears. For the higher forcing amplitudes, T2 is
clearly seen in the T3 case in Figure 3.9a, and there seems to be a broadband amplitude rise across the
entire BL sweep, consistent with breakdown and the onset of turbulent fluctuations in the separated
shear-layer /reattachment region.

This could indicate that the combined effect of the KH instability and the higher TS amplitude (forced)
becomes too great, eventually leading to the broad band amplitude increase seen for T3 at this x =
810mm station.

This behaviour is consistent with the dynamics of a reattaching shear layer downstream of a BFS. As
demonstrated in the DNS of Teng and Piomelli (2022), the inflectional shear layer experiences rapid
growth of the KH instability and strong nonlinear interaction with incoming TS waves, causing loss of
coherent narrow-band structure, and a progressive increase in broadband fluctuation energy.

G1 - FFT spectrograms at x = 810 mm
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Figure 3.9: (a) FFT spectrogram at streamwise station « = 810 for the bump case. (b) HW sweep location
for x = 810.
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Figure 3.10 at z =820 mm suggests a reduction in broadband high-frequency energy relative to the
previous station, particularly when compared with the strongly broadband character observed at x =810
mm for the higher forcing levels. This change should not be interpreted as definitive ”"relaminarisation”,
but rather, it is consistent with the intrinsically unsteady and intermittent character of reattaching
shear layers, which can exhibit low-frequency flapping at the reattachment region (Hasan, 1992).

Since the hot-wire profiles at consecutive streamwise stations were acquired at different times, the probes
may have sampled different separation-bubble dynamics, namely the reattachment burst at 810 mm and
a calmer phase at 820 mm. This would mean that there would have had to have been some sustained
phenomena at the z= 810 mm station for it to still be present after averaging over the sampling time.
This is a limitation of the chosen measurement time of 3 seconds that was chosen to captiure the TS
wave dynamics at the triggered 210 Hz frequency, being unable to resolve these low frequency dynamics
of the recirculation Zone behind the BFS.

One can also notice from Figure 3.10 that the highest forcing amplitude case, T3, has diminished high-
frequency KH signature below y = 1, which is still present in the lower amplitude cases, which would
suggest some stabilising effect in the highest amplitude case.

All the triggered cases, however, still have the forced TS wave frequency (210 Hz) and its harmonics
present in the spectrograms, now somewhat strengthened, indicated by the increased intensity of the
triggered fundamental, f., and its higher harmonics (2f., 3f., ..), most prominently for T3. The
appearance of these harmonics is consistent with nonlinear distortion of the disturbance field in the
separated shear-layer/reattachment region, similar to the behaviour also reported by Hasan (1992).
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G1 - FFT spectrograms at x = 820 mm
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Figure 3.10: (a) FFT spectrogram at streamwise station = 820 for the bump case. (b) HW sweep location
for x = 820.

In the final HW z-station shown in Figure 3.11, the high-frequency KH signature has disappeared for all
forced cases (T1-T3) that now only show a clean set of dark bands corresponding to the forced TS wave
and its harmonics, indicating that the imposed T'S-wave forcing remains coherent at this downstream
location even though the shear-layer-related signature is no longer distinct. By contrast, the unforced
case (TO0) still exhibits an elevated high-frequency band consistent with continued KH-type activity.

This behaviour indicates an earlier collapse of the KH-supporting separated shear layer when the in-
coming disturbance amplitude is increased.

DNS data from Teng and Piomelli (2022) shows that larger incoming disturbances drive more violent
shear-layer roll-up, earlier vortex merging, and rapid loss of the inflectional shear-layer structure. Since
KH instabilities require a thin, strongly inflectional high-shear layer, the nonlinear distortion introduced
by higher-amplitude TS forcing destroys the conditions necessary for KH amplification. As a result, the
KH-type high-frequency fluctuations vanish further downstream, and the remaining disturbance field
is dominated by the wall-attached T'S wave, consistent with the spectrograms at x = 830mm. In the
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unforced case, T0, the shear layer is not greatly disturbed, and thus the KH-type activity persists at
z = 830mm.

G1 - FFT spectrograms at x = 830 mm
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Figure 3.11: (a) FFT spectrogram at streamwise station = 830 for the bump case. (b) HW sweep location
for z = 830.

3.2. TS wave modeshape comparison

This section compares the wall-normal structure of the forced TS disturbance by extracting the velocity-
fluctuation amplitude at the forcing frequency directly from the FFT spectra shown in section 3.1. The
magnitude at the forcing frequency is read for each traverse height y from the corresponding FFT
spectrum by selecting the discrete frequency bin closest to f. = 210 Hz (e.g. the vertical marker in the
spectrograms of section 3.1); repeating this across all measured y yields a wall-normal amplitude profile
|t(y, fc)|. For each streamwise station, the profile is normalised by its local maximum, max, |u(y, fc)|,
to compare the differences in wall-normal modeshape can be compared independently of absolute am-
plitude. In an attached Blasius-type boundary layer, the TS mode shape exhibits the characteristic
double-lobed amplitude distribution, which is expected to be clearly present in the clean case (Fig-
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ure 3.12) and in the bump case (Figure 3.13) upstream of the forward-facing step, and to persist over
attached portions of the bump upstream of the backward-facing step.

3.2.1. Clean Case

In Figure 3.12, T1 to T3 denote increasing forcing amplitudes (see Table 2.2). Across most streamwise
stations the extracted T'S mode-shape proxies exhibit a clear two-lobed structure, with an inner lobe near
the wall and an outer lobe at larger y, consistent with the expected T'S-wave eigenfunction behaviour in
an attached Blasius-type boundary layer. A weak downstream shift of the inter-lobe minimum towards
larger y is observed, consistent with a gradual rescaling of the wall-normal structure as the boundary
layer thickens downstream.

A dependence on forcing is also evident in the wall-normal amplitude distribution. Most clearly seen in
the stations = ~ 750 to 770 mm, increasing the forcing level (T1—T3) reduces the relative prominence
of the outer lobe while strengthening the inner lobe. The observed reduction of the outer-to-inner lobe
ratio is associated with a greater contribution of the disturbance within the high-shear region near the
wall, which adds greater energy near the wall.

Although the DBD plasma actuator produces a body-force field that is strongly localised close to the
wall in the actuation region, the present mode-shape measurements are obtained approximately 0.37 m
downstream of the actuator location (z = 0.38 m), i.e. several TS wavelengths downstream. The
observed strengthening of the near-wall lobe with increasing forcing is therefore interpreted primarily
as a forcing-dependent modification of the downstream f. disturbance field, rather than as a direct
imprint of the near-wall body-force distribution at the actuator.

3.2.2. Bump Case

Since a single-wire probe is sensitive to the resultant in-plane velocity and cannot separate (u,v) com-
ponents, the interpretation in terms of a T'S mode shape is most reliable in regions where the boundary
layer is attached and V <« U; close to the step edges and within separated/reattaching regions, the
extracted profiles can be interpreted as the wall-normal structure of the 210 Hz frequency.

Upstream of the FFS (z < 730 mm), the normalised profiles retain the canonical double-lobed structure
observed in the clean case, indicating that the forced disturbance at f. remains TS-like and the boundary
layer remains attached in this region, with the differences between T1 to T3 mostly in subtle changes
relative prominence of the inner and outer lobes. A weak near-wall peak is observed at z = 730 mm,
close to the upstream face of the SERB’s FFS. Barahona et al. (2025) reports that a forward-facing
step can generate an additional near-wall maximum in the TS-wave shape function in the immediate
step vicinity, and interprets this feature using her DNS results as a step-induced secondary perturbation
structure produced at the step edge and superimposed on the incoming TS wave.

Across the bump surface between the FFS and BFS (740 mm < 2z < 795 mm), the f. mode-shape pro-
files remain predominantly two-lobed but exhibit increased shape variability as compared to upstream
stations. Immediately downstream of the FFS (at = 742 mm station), the inner (near-wall) lobe ap-
pears sharper and the inter-lobe minimum occurs at a smaller wall-normal height y, indicating a local
reshaping of the f. response in the near-step region. Similar near-step modifications of T'S mode-shape
profiles have been reported downstream of forward-facing steps (Barahona et al., 2025). Immediately
downstream of the FFS (at © = 742 mm), the inner (near-wall) lobe appears sharper and the inter-lobe
minimum occurs at a smaller wall-normal height y, indicating a local reshaping of the f. response in
the near-step region. Similar near-step modifications of TS mode-shape profiles have been reported
downstream of forward-facing steps (Barahona et al., 2025). Moving downstream towards the BFS,
the inter-lobe minimum becomes progressively less pronounced and shifts to larger y, while the near-
wall lobe broadens, suggesting a gradual recovery of the wall-normal structure away from the abrupt
FFS-induced distortion. This evolution is qualitatively consistent with the stabilisation region reported
downstream of the FFS, where the perturbation field relaxes, and TS-wave growth is temporarily re-
duced before subsequent downstream re-destabilisation (Barahona et al., 2025), also seen in section 3.3
below.

Downstream of the BFS (z > 795 mm), the extracted f. profiles are consistent with the presence of a
separated shear layer and reattachment dynamics behind the BFS, where the hot-wire signal can contain
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Figure 3.12: Wall-Normal profiles of the fundamental TS frequency, f. = 210 (Closest frequency bin=210.16
Hz), at different streamwise measurement locations for the clean case
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significant wall-normal velocity contributions and where the f. bin can represent a forced response of
the separated shear layer rather than a wall-attached TS eigenfunction. Accordingly, the downstream
profiles are interpreted as the wall-normal structure of the 210 Hz response in the separated/reattaching
flow rather than as TS mode shapes. In all stations downstream of the BFS (z > 795 mm), a two-lobed
structure remains discernible at larger wall-normal positions; however, the profiles are disrupted by a
pronounced local minimum around y =~ 1.2 mm, i.e. approximately the SERB step height at the first
station, but closer to the wall in downstream stations. This feature is consistent with the separated
shear layer forming above the recirculation region, such that the extracted f. amplitude is reduced
near the shear-layer core while remaining elevated above and below it, as also suggested by the FFT
spectrograms discussed in section 3.1. The same qualitative wall-normal features (two-lobed structure
and the local minimum near y ~ 1.2 mm) are observed for all forcing cases.

G1 — TS mode shapes (single bin), fiugeet = 210 Hz, bin 210.16 Hz

x=602 mm X =700 mm X =710 mm X = 720 mm X =730 mm
6 —% 6 T 6 —% T 6 6 —% T
3 ——T1
5 5 . 5 5 5
- —=—T2
4 4 4 4 4
— — — — — —4A—T3
g g g g g
g3 g3 &3 g3 g3
> > : > > >
2 2 2 2 2
1 r1 1 1 1
r y
0 (e 0 O 0
0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1
|6/ max () |@| / max (@) |@t| / max(a) \u|/max @) |6/ max ()
X =742 mm X =750 mm X =760 mm X =770 mm X =780 mm
6% 6 —<t 6 —t 6 6
5 5 5 5 5
4 4 4 4 4
g g El g g
£3 E 3 g3 g3 £3
= = > > =
2 2 2 2 2
1 1 1 1 1
0 0 0 0 O
0 0.5 1 0 0.5 1 0 0.5 1
|@|/ max (@) |G|/ max(a) |G|/ max(a) \u|/max a) \u|/max a)
X =790 mm 6 X =800 mm 6 X =810mm X =820 mm 6 X =830 mm

5
4+ 4
g El El
£3 £3 =)
B> B> >
2t 2
1t 1
0l F 0
0 0.5 1 0 0.5 1

|a|/ max (@) |G|/ max(a) |G|/ max(a) |@|/ max (@) \u|/max (@)

Figure 3.13: Wall-Normal profiles of the fundamental TS frequency, f. = 210 Hz, at different streamwise
measurement locations, SERB FFS located at =740 mm, SERB BF'S located at =795 mm
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3.3. TS Wave Growth / N-Factor

This section examines the streamwise growth of the forced disturbance for both the clean plate in
subsection 3.3.1 and SERB cases in subsection 3.3.2. By extracting the amplitude of the forced fun-
damental across the wall-normal hot-wire sweeps, both amplitude-based and energy-based measures of
disturbance growth can be compared as a function of streamwise location and forcing amplitude. The
figures in this section show the growth of the triggered frequency fundamental, f. = 210 Hz, in terms
of amplitude, as well as amplitude-based and energy-based N-factors.

3.3.1. Clean Case
After the disturbance amplitudes A(y, f.;x) at each streamwise station, x, and height, y, for a target
frequency, f.=210 Hz are obtained in section 3.2, the peak-amplitude envelope for each z-station is

determined by
Aenv = maxyA(ya fc; ZE) (32)

Figure 3.14 plots this peak amplitude for each HW sweep, normalised by external velocity measured
at that sweep location. This should be noted when comparing with subsequent N-factor figures, which
only show growth of the fundamental relative to the most upstream HW measurement location.

As mentioned in subsection 2.1.4 the amplitude readout of microphone 1 was monitored and maintained
approximately constant across all forcing cases. However, microphone 1 was located at x= 430 mm,
upstream of the first HW sweep at = 602 mm (refer Table 2.5), resulting in differing initial amplitudes
for each forcing case at the most upstream HW sweep location, x= 602 mm station, as seen in figure 3.14.
Figure 3.14 clearly marks the amplitude spike for T3 at the x = 770 mm station as an outlier when
compared to the T2 spike at x = 770 mm, based on the initial amplitudes recorded at z= 602 mm.
The value will also be confirmed below as an outlier based on the synced microphone recordings at this
location.

A/U, Trigger Comparison — G0
\

0.03 1
—&—G0_T0
—6—G0_T1
L G0_T2 |
0.025 GO T3

0.02
2 0015
<

0.01

0.005

o
(]
o 00
[ ]

[ ]

(]
®
G
q
q
q
S ¢
q
q
¢

60 650 0 850

~
o
~

x[mm)]

Figure 3.14: Amplitude of the fundamental frequency, f. = 210 Hz, at each measurement location, for the
clean case. Lines between experimental points are only drawn to indicate the data trend.

Taking the peak amplitude of the first HW z-station, zo= 602 mm, to be Ag = Aeny (o), the amplitude-

based N-factor is then A
N(z) =In (““’(x)> (3.3)
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Figure 3.15: Amplitude base N-factor of the fundamental frequency, f. = 210 Hz, for different trigger cases,
for the clean case. Lines between experimental points are only drawn to indicate the data trend.

Using the amplitude-based N-factor is the standard approach, but is prone to mistakes or noise in
picking a single peak from a jagged mode shape from Figure 3.12. Given a per-height disturbance
amplitude at the target tone f., an alternative approach would be to use the disturbance kinetic energy,
which involves squared fluctuations. The disturbance kinetic energy is obtained by the wall-normal
integral of the squared TS amplitude across the height of the HW sweep.

E(x) = / " A, f2)Pdy (3.4)

Or normalising with external velocity,

EU) () = /Oymx (A(g(f;)m)f dy. (3.5)

Taking the disturbance kinetic energy of the first HW station, o= 602 mm, to be Ey = E(zg), the

energy-based N-factor is then
E
Ng(z) =In (éf)) (3.6)

Resulting in the curves present in Figure 3.16.
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Figure 3.16: Energy base N-factor of the fundamental frequency, f. = 210 Hz, for different trigger cases, for
the clean case. Lines between experimental points are only drawn to indicate the data trend.

Although the general trends observed for individual trigger cases for the amplitude-based N-factor curves
(Figure 3.15), are similar to the energy-based N-factor curves (Figure 3.16), the difference between these
approaches is apparent when comparing the relative slopes and offsets between trigger cases for the HW
sweep locations upstream of the z = 740 sweep location,

For the clean case in Figure 3.15, the curves of the triggered (T1,T2,T3) and untriggered case (T0)
show classic monotonic TS wave growth expected for a Blasius BL. The T1 and T2 cases show normal
TS growth from z = 600 mm to 830 mm with no anomalous behaviour. The spike in amplitude at the
x = 770 mm station for the highest trigger amplitude, T3, was observed in Figure 3.14, Figure 3.15
and also in Figure 3.16, meaning it is an actual feature of the measured signal, not an artefact of the
mode-shape peak selection process. As noted above, this point is likely the outlier, as downstream of
this point, the T'3 amplitude returns to the expected stable plateau, consistent with the mild nonlinear
saturation expected for large-amplitude TS waves on a clean plate.

To confirm this hypothesis, one can examine the simultaneous microphone measurements captured
during each HW measurement for every HW sweep. Since the mics are surface-mounted, variations are
not expected in the measured values of the microphones corresponding to each point in the vertical
y location of a HW sweep. Additionally, the measurements of a specific fixed surface microphone, at
a specific forced amplitude (TO to T3), is not expected to change with streamwise x location of the
HW. Thus, any large variation in measured microphone amplitude between HW sweeps would indicate
external influence on the measurements at these locations, such as variations in actuator performance.

Figure 3.17 shows the peak amplitude of the trigger frequency (f. = 210Hz) from the FFT of the signal
recorded by upstream microphones, with each dot representing the measured microphone amplitude,
and the location of each dot corresponding to the location of the HW probe. In Figure 3.17, Mics 3,
4, and 5 all show a spatially uniform increase in amplitude for the T3 case, at the HW sweep location,
x = 770 mm. Only 3 mics are represented in this figure, but the same observation was made for the
majority of the surface-mounted mics.

After accounting for EMI interference (in subsection 2.6.1), with tunnel flow conditions remaining
constant accross all measurements, such a spike observed in both microphones and HW measurements,
as detailed above, would indicate a transient actuator fluctuation rather than the growth of boundary-
layer instability for this x = 770 mm HW sweep.
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Figure 3.17: Peak amplitude map recorded by the mics for the triggered frequency of 210Hz, corresponding
to each measurement location in the HW sweep for the clean case (G0) with maximum forcing (T3)

3.3.2. Bump Case

Similar processesing and plotting routines to subsection 3.3.1 are followed to plot the growth curves
in this section with Figure 3.18 showing the amplitude for each HW sweep, Figure 3.19 showing the
amplitude-based N-factor, and Figure 3.20 showing the energy-based N-factor.

Like the clean case in subsection 3.3.1, the microphone amplitudes were inspected to understand the
origin of the spikes observed at the £ = 700 mm and z = 810 mm HW stations. The microphone maps
in Figure A.1, Figure A.2, and Figure A.3, correspond to the simultaneous microphone measuremnts at
T1, T2, and T3, respectively. These figures show that, during the HW sweeps at these two locations, all
microphones consistently recorded a higher amplitude at the forced frequency (f. = 210 Hz), indicating
a momentarily stronger forcing amplitude for these HW sweeps similar to subsection 3.3.1.

Importantly, neither of these spikes can be linked to the flow physics of the bump. The bump does
not influence the BL 40mm upstream of the FFS at x = 700 mm, and the behaviour at z = 810 mm
does not match any BFS-related instability signature. If this spike was physical, the measured increase
in N-factor would not suddenly dissapear at the next x station, x = 820 mm. In addition, the same
amplitude rise appears in all three triggered cases (T1-T3), which were recorded sequentially. These
observations strongly suggest that the spikes are caused by a temporary change in the plasma actuator
output, rather than by any instability growth or geometric effect. These points should therefore be
treated as actuator-induced artefacts and not included in the physical interpretation of the N-factor
curves. Apart from these two z stations, all remaining features in the amplitude and energy N-factor
curves are physically consistent with the expected flow physics around sharp-edged rectangular bumps,
and are discussed below.
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Figure 3.18: Amplitude of the fundamental frequency, f. = 210 Hz, at each measurement location, with the
bump. Lines between experimental points are only drawn to indicate the data trend.
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Figure 3.20: Energy base N-factor of the fundamental frequency, f. = 210 Hz, for different trigger cases,
with the bump. Lines between experimental points are only drawn to indicate the data trend.

The growth curves for the bump case (G1), reveal three distinct behaviours in the 3 regions of the
SERB:

1. Upstream of the SERB’s FFS(z < 740 mm): Apart from the unphysical spikes, all triggered
cases exhibit a smooth rise in both the amplitude-based and energy-based N-factors similar to the
clean case, with an increase in N-factor in the x station right in front of the FFS, which was also
seen by Barahona et al. (2025). This is consistent with existing literature (Crouch & Kosorygin,
2020; Wang & Gaster, 2005) which report that a surface protrusion induces an upstream pressure
adjustment that slightly distorts the base flow and modifies the local TS eigenfunction over an
influence distance of order O(§*).

Inspection of the amplitude evolution in Figure 3.18 further reveals that in the higher forcing
cases (T2 and especially T3), the second and third harmonics are already measurable ahead of
the FFS, whereas in T1 the fundamental disturbance remains clearly dominant. The increase in
harmonic content scales with forcing amplitude, indicating that nonlinear distortion begins earlier
for higher forcing amplitudes.

2. Over the SERB’s raised surface (740 mm to 795 mm, between the FFS and the BFS): Just after
the FFS, the baseflow is distorted, and over the flat upper surface of the bump, there is a gradual
decrease in amplitude and N-factor. This is consistent with Wang and Gaster (2005), who showed
the thickening of the BL leading to a region of reduced TS amplification extending downstream

of the step with some upstream influence of the separation bubble caused by the BFS noted by
Hildebrand et al. (2020).

It is interesting to note from Figure 3.19 that the N-factor curve of the T3 case lies below those
of the T1 and T2 cases, more closely matching the slope and values for the untriggered TO case,
likely due to normalisation by a greater initial amplitude Ay. More importantly, the energy-based
N-factor (Figure 3.20) does not show a disproportionate reduction of total disturbance energy
for T3. All trigger cases show a comparable decrease in N-factor over the raised surface.This
comparison indicates that the plateau effect is a base-flow modification acting similarly across
forcing amplitudes, rather than a selective stabilisation of the highest forcing case.

Further insight is obtained by examining the absolute disturbance amplitudes and harmonic con-
tent (Figure 3.18). In the highest forcing case (T3), the second and third harmonics attain am-
plitudes much closer to that of the fundamental over the plateau region, whereas in the T1 case
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the fundamental remains clearly dominant upstream of the BFS. This elevated harmonic content
in T3 suggests earlier onset of weak nonlinear distortion and redistribution of disturbance energy
among harmonics. The initial fundamental amplitude Ay in T3 is nearly an order of magnitude
larger than in T1, indicating that the disturbance enters a weakly nonlinear regime much earlier
in the streamwise direction, which generates higher harmonics and reduce the purely exponential
growth of the fundamental. The reduced fundamental N-factor observed over the plateau for
T3, therefore, likely reflects nonlinear redistribution of energy into higher harmonics and partial
saturation effects, rather than genuine stabilisation of the instability mechanism.

. Downstream of the SERB’s BFS (z > 795 mm): Ignoring the outlier at = 810 mm, after the

BFS, all cases exhibit a pronounced increase in TS amplitude, reflecting the strong amplification
associated with the separated shear layer formed behind the step. This behaviour is consistent
with classical BFS studies (Armaly et al., 1983; Hasan, 1992; Hildebrand et al., 2020; Teng &
Piomelli, 2022), which show that the inflectional velocity profile within the separated shear layer
significantly increases local disturbance growth rates.

While the amplitude-based N-factor curves indicate that the untriggered case (T0) exhibits the
largest relative growth downstream of the BF'S, but using a substantially smaller initial amplitude
Ayp, confirmed by Figure 3.18.

The strong amplification observed in all cases, and the rapid growth of the harmonics, indicate that
the separated shear layer behind the BFS acts as a convective amplifier of incoming disturbances.
The larger proportional amplification observed in the TO case suggests that disturbances entering
the BFS region from a near-linear regime may experience greater relative growth, whereas the
higher forcing cases, having already entered a weakly nonlinear state upstream, exhibit reduced
relative amplification of the fundamental frequency.
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Figure 3.21: Amplitude of the fundamental, f. = 210 Hz, harmonics 2f., 3f. and subharmonic 0.5 f., for the

the bump (G1) case. Lines between experimental points are only drawn to indicate the data trend.



Conclusions and Recommendations

4.1. Conclusions

The following conclusions can be made to answer the research questions laid out in section 1.5

How does the boundary-layer response induced by the SERB depend on the amplitude of
the incoming TS wave?

The results demonstrate that the SERB-induced response is strongly region-dependent. In the attached-
flow regions upstream of and over the bump, the disturbance field remains predominantly TS-wave dom-
inated. Increasing the forcing amplitude mainly scales the disturbance magnitude, while the instability
mechanism and spectral structure remain largely unchanged. In contrast, downstream of the BFS, the
forced TS disturbance interacts with the separated shear layer, leading to enhanced harmonic content,
KH-type high-frequency activity, and progressive broadband spectral redistribution at higher forcing
amplitudes. The SERB therefore does not act as a uniform amplifier of TS waves. Instead, it imposes
a sequence of local amplification, reshaping, reduced relative growth over the bump plateau, and strong
post-BFS re-amplification, with the manifestation of these mechanisms depending on the amplitude of
the incoming disturbance.

4.1.1. Effect of incoming TS-wave amplitude on harmonic content

The measurements indicate that, for the clean case, the disturbance field is dominated by the forced
fundamental at f. = 210 Hz across all forcing amplitudes, with higher harmonics present but remaining
secondary and not showing independent downstream amplification. In the bump case, the disturbance
upstream of and over the SERB likewise remains predominantly narrow-band and centred on the fun-
damental frequency, with no clear broadband increase observed in these attached regions. In contrast,
downstream of the BF'S, the spectra show enhanced harmonic content together with a broader spectral
distribution. The relative contribution of higher harmonics and broadband components increases with
forcing amplitude in this separated-flow region. These results demonstrate that the effect of incoming
TS-wave amplitude on harmonic content is weak in the attached boundary-layer regions but becomes
clearly evident downstream of the BFS.

4.1.2. Wall-normal profiles at the forcing frequency

The extracted wall-normal profiles at f. = 210 Hz show that, for the clean case and for the bump case
upstream of the BFS, the disturbance retains a predominantly two-lobed structure consistent with a
TS-wave-type response in an attached boundary layer, with greater variability over the bump surface
between the FFS and BFS, as compared with the upstream stations. Downstream of the BFS, the wall-
normal structure deviates from this simpler form and consistently exhibits a local minimum around y =
1.2 mm, coinciding with the expected location of the separated shear layer. In this region, the measured
fe response reflects the wall-normal structure of the disturbance within a separated/reattaching flow
rather than that of an attached T'S-wave eigenfunction.
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4.1.3. Effect of incoming TS-wave amplitude on disturbance growth

For both the clean and bump cases, occasional local amplitude spikes that deviate from the surround-
ing growth trend were traced to transient variations in plasma-actuator output during specific hot-wire
sweeps, rather than to changes in the boundary-layer instability mechanism. This underscores the impor-
tance of independent forcing monitoring in plasma-actuated experiments, particularly when consistent
disturbance amplitude must be maintained over extended measurement campaigns.

Excluding these actuator-induced artefacts, the clean case exhibits a monotonic downstream increase in
both amplitude-based and energy-based N-factor curves for the forced disturbances, while the extracted
wall-normal profiles retain a T'S-wave-like structure. This indicates that disturbance growth on the clean
plate remains dominated by the forced fundamental mode.

For the bump case, all forcing levels exhibit the same regional behaviour: an increase in disturbance level
upstream of the FFS, a reduction or flattening of growth over the raised surface, and a renewed increase
downstream of the BFS. This regional pattern is consistent across both amplitude- and energy-based
N-factor representations, confirming that the SERB modifies the spatial distribution of disturbance
growth. The influence of forcing amplitude on the growth curves is most pronounced downstream of
the BFS.

4.2. Recommendations

The present study was designed primarily to characterise the forced TS wave at f. = 210 Hz and its
harmonics, and to compare its evolution between the clean and bump cases. The experimental choices
made were therefore appropriate for resolving the narrow-band disturbance dynamics of interest. At the
same time, the results also highlight several areas in which additional measurements and further analysis
would improve the interpretation of the flow physics, particularly in the separated region behind the
BFS.

o Extended time-resolved measurements in the post-BFS region: Longer acquisition times
would improve characterisation of low-frequency separated-flow dynamics (e.g. reattachment mo-
tion or shear-layer unsteadiness) and clarify the relationship between the forced narrow-band
response and slower recirculation-region behaviour.

e Planar PIV in the separated-flow region: Planar PIV downstream of the BFS would pro-
vide direct visualisation of the separated shear layer and reattachment dynamics, enabling more
direct correlation between the KH-type spectral signatures observed in the hot-wire data and the
underlying flow structures.

e Spanwise-resolved measurements: Additional spanwise measurements would determine whether
the post-BFS flow remains predominantly two-dimensional or develops significant three-dimensional
structure as forcing amplitude increases.

e Improved forcing monitoring and amplitude tracking: Continuous or independently cali-
brated monitoring of plasma-actuator output would reduce uncertainty in disturbance-amplitude
consistency and assist in interpreting forcing-dependent offsets in the N-factor curves. Future anal-
yses could also compare absolute disturbance amplitudes alongside N-factors and track combined
harmonic energy to clarify amplitude-dependent effects.
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Additional Figures

G1_T1, Mic 03 at x=530 mm: map for 210Hz (210.16 Hz bin) G1_T1, Mic 04 at x=580 mm: map for 210Hz (210.16 Hz bin)
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Figure A.1: Peak amplitude maps recorded by the surface microphones at the triggered frequency (f. = 210

Hz) corresponding to each measurement location in the HW sweep for the bump case (G1) with low forcing
(T1)
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forcing (T2).
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