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“Life is a laminar separation bubble.”





Effects of free-stream turbulence and three-dimensional roughness
on boundary layer transition

Santhosh Babu Mamidala
Department of Engineering Mechanics
KTH Royal Institute of Technology
SE–100 44 Stockholm, Sweden

Abstract
External disturbances such as free-stream turbulence (FST), and isolated three-
dimensional roughness are strong disturbance sources to the laminar boundary layers
(BLs), which can lead to a rapid transition to turbulence. The transition process
eventuates to increase in skin-friction coefficient and heat transfer rate and hence, both
of the aforementioned disturbance sources have practical importance. The current thesis
is an experimental work, with investigations carried out in low-turbulence wind-tunnels
to study the influence of these disturbance sources on boundary layer transition.

Today, in FST transition, it is known that the turbulence intensity and the streamwise
integral length scale in the free stream are the two influential characteristics that decide
the transition onset, location and the extent. Unsteady, elongated streaks in the
streamwise direction dominate this scenario, whose amplitudes and spanwise scales
are set by the FST conditions prevalent at the leading edge (LE). In reality, a LE
is unavoidable and the influence of the inherent LE pressure gradient region on BL
transition was always doubted and not investigated in detail. The first part of the current
thesis explores the FST transition scenario for a wide range of FST conditions and LE
pressure gradients providing an input to the future transition prediction models. An
important result in this thesis is that the entire energy spectrum needs to be known if an
accurate prediction of the transition onset is desired, i.e. the LE condition in terms of
characteristic length scale and turbulence intensity is not sufficient.

In the second part, isolated roughness induced transition is investigated thoroughly
by changing the roughness height in micrometer precision at various diameters. In
the previous experimental studies, the investigations were performed by altering the
free-stream velocity at a fixed aspect ratio and hence modifying the base flow. In
contrast, here, the aspect ratio of the roughness element is altered in an extensive range
and the influence of the aspect ratio on the roughness Reynolds number that causes
transition is studied without affecting the base flow. Instabilities that occur prior to the
transition onset were examined in detail by performing flow visualization experiments.
Moreover, interaction of secondary disturbances like Tollmien-Schlichting waves with
the roughness was investigated.

Key words: boundary layer transition, free-stream turbulence, electret microphones,
hot-wire probes, isolated roughness, instability modes
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Effekter av friströmsturbulens och tredimensionell ytråhet på
gränsskiktsomslaget

Santhosh Babu Mamidala
Institutionen för Teknisk Mekanik
Kungliga Tekniska Högskolan
SE-100 44 Stockholm, Sverige

Sammanfattning
Externa störningar så som friströmsturbulens (FST) och isolerade tredimensionella

ytråhetselement är starka störningskällor till det laminära gränsskiktet som kan
leda till ett snabbt omslag till turbulens. Omslagsprocessen bidrar till en ökning
av friktionskoefficienten och värmeöverföringshastigheten vilket innebär att båda
dessa störningskällor är av stor praktisk betydelse. Arbetet i den här avhandlingen är
experimentellt och har genomförts i låghastighetsvindtunnlar för att studera påverkan
av dessa störningskällor på gränsskiktsomslaget.

För FST-omslaget, är det känt att turbulensintensiteten och den turbulenta integral-
längdskalan i friströmmen är de två viktigaste egenskaperna som påverkar omslagets
början, position och omfattning. Detta scenario domineras av rörliga och utdragna
hastighetsstråk i strömningsriktningen vars amplitud och spännviddsskala bestäms av
det FST-förhållande som råder vid framkanten (FK). I verkligheten är en FK alltid
närvarande och ger upphov till en tryckgradient i framkantsregionen vars inverkan
på omslaget alltid betvivlats och därför inte undersökts i detalj. Den första delen i
avhandlingen utforskar FST-omslagsscenariot för ett brett utbud av FST-förhållanden
och även FK-tryckgradienter som ger en mängd data för utveckling av framtida modeller
för att prediktera omslaget.

I den andra delen undersöks diskreta cirkulära ytråhetselements inverkan på
omslaget genom att ändra höjden på elementet med mikrometerprecision för olika
diametrar. I de tidigare experimentella studierna som genomförts har man ändrat
elementets relativa höjd genom att ändra friströmshastigheten för ett givet element och
därmed modifieras hela gränskiktet. Däremot ändras här höjd-till-diameter förhållandet
för ytråhetselementet inom ett brett intervall och påverkan av detta förhållande på
ytråhets-Reynoldstalet, som kopplar till omslaget, kan studeras utan att basflödet
påverkas. Instabiliteter som inträffar före omslagets början har undersökts i detalj
genom att utföra flödesvisualiseringsexperiment. Dessutom har interaktionen mellan
sekundära störningar som Tollmien-Schlichting-vågor och diskreta ytråhetselement
studerats experimentellt.

Nyckelord: gränsskiktsomslag, friströmsturbulens, elektretmikrofoner, varmtrådsonder,
isolerad ytråhetselement, instabiliteter
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Preface

This thesis deals with the transition to turbulence in the boundary layers subject to
free-stream turbulence and three-dimensional roughness elements. The thesis is divided
into two parts. The first part provides a brief introduction to the basic concepts, methods
and a literature study in the context of the topic. The second part contains six articles.
The papers are adjusted to comply with the present thesis format, but their contents
have not been altered as compared with their original counterparts.

Paper 1. S. B. M������� & J.H. M. F�������. Laminar-turbulent state estimation in
intermittent flows based on wall-pressure fluctuations. To be submitted.

Paper 2. S. B. M�������, A. W���������� & J. H. M. F�������, 2022. Leading-
edge pressure gradient effect on boundary layer receptivity to free-stream turbulence. J.
Fluid Mech. 935 (A30).

Paper 3. S. B. M�������, A. W���������� & J. H. M. F�������. Transition to
turbulence in boundary layers subjected to free-stream turbulence. To be submitted.

Paper 4. S. B. M�������, A. W���������� & J. H. M. F�������. A comparative
study of experiments with numerical simulations of free-stream turbulence transition.
To be submitted.

Paper 5. S. H���, S. B. M������� & J.H. M.F�������, 2022. Isolated roughness and
Tollmien-Schlichting waves in boundary-layer transition. IUTAM Laminar-Turbulent
Transition 38, 193–202.

Paper 6. A. W����������, S. B. M������� & J. H. M. F�������. Instabilities in the
wake of a cylindrical roughness element: a flow visualization study. To be submitted.

June 2022, Stockholm
Santhosh Babu Mamidala
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Overview and summary
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Introduction

In physics, fluids either liquids (water) or gas (air) have the ability to flow since they
have a zero-shear modulus. Omnipresence of fluids can be seen in our everyday lives
(tap water in the kitchen) to industrial applications like in aerodynamics of an aircraft.
In reality, fluid motion can be chaotic exhibiting turbulence. Turbulence, by itself, is
not the first stage, and is preceded from laminar fluid flow. The process from which a
laminar (ordered) state of the fluid is changing to a turbulent (chaotic) state is usually
termed as transition1 to turbulence. As depicted through the lifetime of art, notes and
sketches from Leonardo da Vinci (1452–1519), the motion of fluids has always been
captivating researchers, mathematicians and engineers. It can be said that Leonardo’s
experimentation even though did not result in conclusions as per modern fluid mechanics
each time, is an innovation to today’s scientific thinking. The renowned pipe flow
experiments of Osborne Reynolds (1883), provide the first glimpses of transition to
turbulence from a laminar flow to turbulent flow by injecting dye into a glass tube.
Without a word said, now what is known as the Reynolds number '4 introduced by O.
Reynolds changed the way of understanding hydrodynamic instabilities later. Beyond
its critical value, the laminar pipe flow in his experiments transitioned to turbulence.

Consider an aircraft flying in different segments of its flight path and quite often
they regularly switch between these segments. When these events happen, the air far
upstream of the aerodynamic surface i.e. the free stream interacts with the flow on the
surface i.e. the boundary layer causing a deflection in the air flow i.e. the base flow
is modified. These conditions in the free stream are called as free-stream turbulence
(FST), which basically denotes the disturbance level in the free stream. Until early
1900s, most investigations were concentrated on the natural transition where typically
Tollmien-Schlichting (T-S) waves prevail at very low turbulence levels. Starting with
Taylor (1936), soon later, potentially due to the fast booming aircraft industry at that
time, research was shifted towards predicting transition at low FST. Not too long ago,
in 1970s, focus is directed into relatively high FST levels predominant in gas turbine
engines. But, why is predicting transition from laminar to turbulent flow so relevant
and critical? To understand this, we need to ponder over what happens during the
transition process. During transition, significant changes in the local wall shear stresses
and convective heat transfer rates occur. This for instance, can be rise in skin-friction

1transition: originally from Latin transientem or trans- + ire. In a specific sense, it means ‘transition’ is
not sudden, to change/cross over something, an initiation is always necessary.

1
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drag on the aircraft body (fuselage or wings), or increase in heat transfer coefficient in
turbomachinery of gas turbines, or even rapid temperature changes in reentry vehicles
that enter the atmosphere. Despite being investigated for over a century, boundary
layer transition is still less understood and predicting transition is extremely uncertain.
Therein lies the problem.

As said earlier1, for transition to happen, an initiation is always needed. This
for example, can be from a broad spectrum of disturbance sources in the free stream
entering the boundary layer (BL) through receptivity (first coined by Morkovin (1969)).
Some of the sources could possibly be free-stream turbulence, acoustic disturbances,
surface roughness, surface vibrations, streamwise curvature (pressure gradient), etc.
In reality, the leading edge (LE) of any aerodynamic body acts as the source of the
receptivity, in other words, this is where the disturbances first penetrate the boundary
layer. Followed by receptivity, these disturbances grow, and when they attain sufficient
enough amplitudes, they undergo further break down to turbulence.

Where do we see this scenario in real-world applications or how is it important
in an industrial point of view? Let’s consider the case of free-stream turbulence. In a
very low-disturbance background environment in case of an aircraft, the conventional
T-S wave scenario exists and once the waves reach their critical amplitude, rapid break
down to turbulence happens. In most other industrial applications, the disturbance level
in the free stream can be relatively high. If we look at gas turbines, beginning with
the flow entering the rotor blades, which has higher FST levels since it passes through
compressor. Next, the turbulence is produced in the combustor before entering the
turbine. High FST from the combustor can affect the transition process on the turbine
vane or cause chopped wakes (periodic) in the stator blades of the turbine. At flight, the
turbulence intensities in a combustor exhaust can be 6 to 10% for a 75% contraction in
combustor. Another problem lies within the gas turbine blades (have curvature that
leads to inherent pressure gradient) itself. To design efficient cooling configurations of
these blades, one needs knowledge of where transition happens on the hot-gas side. To
understand, where and when the heat transfer coefficient changes in these typical high
temperature gas applications, can be a major challenge to jet engine manufacturers,
since it is a question of optimizing the efficiency of the engine. Poor knowledge on
transition and its extent or coverage can eventually effect either the performance of
the engine and the fuel consumption or the longevity of the blade. On the other hand,
even in hypersonic applications (reentry vehicles), understanding where and when the
extreme temperature changes happen during transition can be crucial considering the
fact that it affects the choice of heat-resistant materials on the space vehicle.

Quite different to FST, surface roughness (either two- or three-dimensional) has
also a major influence on boundary layer transition. In the same example of aircraft, this
could be any isolated surface protrusions on the aircraft body like rivets (3D roughness),
spot-welds in turbomachinery (3D roughness), and any sheet-metal joints on the aircraft
body (2D roughness). Surface roughness can also be discrete (not isolated), consider
roughness induced externally typically either through bird or insect excrescences or
even insect accretion on wind turbine blades, which is a problem for wind-turbine
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industry to solve. Not only that, any surface roughness can be problematic even in
hypersonic vehicles that spend extended amount of time at Mach numbers " 5.

Generally understood, in free-turbulence, boundary layer acts as low-pass filtered
amplifier to FST (Westin 1997) whilst 3D roughness are pre-amplifiers and 2D roughness
act as tripping devices in boundary layer transition (Morkovin 1969). Keeping the
aforementioned problems in mind, now how does this affect the industries or the society,
and in what way? For most industrial usage, the knowledge of boundary layer transition
scenario, its location and streamwise extent can be of great importance, since it affects
the drag or any other heat transfer effects. Reducing drag will eventually reduce the
power requirement and save fuel, leading to both economical and environmental benefits,
and innovation. Out of the 17 sustainability development goals (SDG’s) targeting the
global development by 2030, the SDG goals 9 and 12 are directly associated with the
current topic of investigation, however within a small scope.

Thesis structure. The first part of the thesis work is organized in the form of five
chapters. The current chapter provides a brief introduction to the topic boundary layer
transition. In the second chapter, the scientific context of the thesis is addressed in
detail and along with literature study. Chapter 3 discusses the measurement facilities,
instrumentation as well as the experimental techniques used in the thesis work. In
chapter 4, some of the main results from the thesis are outlined. Finally, in chapter 5,
a brief summary along with some important conclusions and a future outlook are
provided.
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Boundary layer transition revisited

2.1. Free-stream turbulence in a nutshell?
The major part of this thesis deals with free-stream turbulence and its influence on
boundary layer transition at moderate to high FST levels. In broad terms, FST can be
quantified with its intensity )D = Drms/* , where Drms is the fluctuation level in the
streamwise component of velocity in the free stream and * is the free-stream velocity.
The turbulence intensity )D can help us grasp the idea of what are low or moderate or
high FST levels? In the current work, ‘moderate’ refers to FST levels in the range of
1% to 3% and with ‘high’ level meaning )D roughly larger than 3%. ‘Low’ levels of )D
i.e. less than 1% where the T-S waves dominate are beyond the scope this thesis.

Let’s start by conducting a simple thoughtful experiment. If we place a flat plate
with a leading edge inside the wind tunnel (parallel to the floor, at a certain height),
the back ground turbulence intensity in the wind tunnel can be very low. To generate
turbulence in a wind tunnel, we can place a turbulence generating grid, which in turn
generates a pressure drop and homogenises the flow (to minimise the anisotropy level,
let’s assume it is placed at 20 grid mesh-widths upstream of the leading edge of the
flat plate). The turbulence in the free stream is characterised by its energy spectrum,
length scales (integral ⇤G , dissipation ! n , etc) and its intensity ()D). FST entering
the developing boundary layer modifies the base flow and causes the laminar flow
to undergo transition at some downstream position namely the transition location
Gtr. To gain a greater insight in to the relative size/effect of Gtr, often we define a
Reynolds number based on this distance called as the transitional Reynolds number
'4tr = Gtr* /a, here a is the kinematic viscosity. To quantify or measure Gtr, in recent
years, we have a standard yardstick for this in transitional boundary layers called the
‘intermittency factor’ W (it will be discussed in detail in later parts of this thesis).

Nearly, all the existing experimental works in boundary layer transition under
influence of FST are compiled and plotted in figure 2.1. Visibly evident from the
figure, the results show enormous amount of spread and scatter. One of the earliest but
not well-known transition experiments in this field are Dryden (1936) for 0.5% and
3% )D and Hislop (1940) for )D in the range of 0.6 5.55%. A significant amount
of research effort has been put in up to 1990s as can be seen from the figure. All
the experimental data (legend highlighted in blue in figure 2.1) up to the renowned
T3 experiments of Roach & Brierley (1992) except Schubauer & Klebanoff (1955)
and Acharya (1985) (legend highlighted in red), did not measure intermitency. The

4
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Figure 2.1: Transition Reynolds number '4tr versus the turbulence intensity )D. All
the existing experimental data for zero-pressure-gradient BLs are shown in this figure.

transitional Reynolds number is based on the minimum in the wall shear stress and
data is only available in terms of momentum thickness Reynolds number. Here, it has
been shown in Reynolds number based on G distance, assuming Blasius flow, since the
pressure gradient conditions in these experiments are close to zero. And the intensity
)D is the incoming turbulence level to the flat-plate and not measured at the leading
edge. For )D 1 %, though Schubauer & Klebanoff (1955) and Acharya (1985)
measured the intermittency factor in a systematic way, their results are affected by the
wind-tunnel acoustics, which the authors later attributed this to the fact that results
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obtained at such low )D are facility dependent. On the other hand, it should be kept in
mind that, for )D 1 %, the T-S waves are present and the transition scenario is not the
same as FST induced transition. From 2000s, the measurement data taken at the MTL
Wind tunnel at KTH Royal Institute of Technology (legend highlighted in black) except
Jonáš et al. (2000) are fully based on the intermittency. Apparent from the figure 2.1,
the results collected at KTH seem to follow one trend along with Jonáš et al. (2000),
whereas the results based on the minimum of shear stress seem to follow another trend.
Note that, the minimum of shear stress or the skin-friction coefficient can be associated
to transition onset and not the transition location, hence the data is skewed to the left of
the intermittency based results. Paying attention to this figure, we can say that '4tr is
not just a function of )D itself and all the existent transition prediction models similar
to '4tr )D

# (# can vary between 5/4 to 4/3 depending on the models) or based on
optimal theory (Andersson et al. 1999) can have an accuracy of up to 50 60% for all
the )D shown in figure 2.1. The irreconcilable errors from most existing correlations
are ‘unacceptable’ in a scientific point of view.

Why have we failed in predicting such simple transition scenario? In order to
decipher this problem, first we need to go back to the roots of free-stream turbulence
and the base flow on the flat plate itself. Some of the possible reasons are addressed
below.

How and where is the turbulence generated? Any artificially generated
turbulence needs to relax towards isotropy. In some experiments, the turbulence
is either generated inside the stagnation chamber or even in the start of the
contraction section. Now, we have a well established procedure to place the
turbulence generating grid inside test section at a certain position Ggrid upstream
of the leading edge following the 20 mesh widths rule of thumb to obtain
homogeneous turbulence.
How good is the generated turbulence? It is very important to check the free
stream turbulence characteristics. The streamwise and spanwise autocorrelations
in the free stream, have to agree well to the theoretical curves. It is crucial to
check if the generated FST is homogeneous.
Any realistic turbulence eventually dies out, in homogeneous turbulence. In FST
experiments, seemingly same value )D of incoming turbulence is not enough to
say it is the same condition, the whole evolution of )D is important. This is
because, in FST the forcing is continuous, the entire )D decay as well as the
FST energy spectrum should be considered. This is discussed in Paper 4.
Are there any pressure gradients associated? Note that here in the thesis we
do not address the pressure gradient effects on the flat plate since this thesis
deals only with zero-pressure gradient flows. In practice, we cannot avoid
the presence of the leading edge which by definition has an inherent pressure
gradient associated with it. Long elliptic or super-elliptic leading edges have an
inevitable suction peak prevailing up to large downstream distances depending
upon the length of the LE. Nowadays, short asymmetric LEs are well-known to
avoid this problem. LE pressure gradient has an influence on '4tr especially
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for low integral length scales and moderate )D and it is addressed in detail in
Paper 2.
Are FST length scales important in FST induced transition? From the
experiments and simulations, now we clearly know that integral length scale
has a direct influence on the transition. How integral length scale affects the
transitional Reynolds number is discussed in Papers 3, 4.

Having understood that '4tr < 5 ()D) but also depends on several critical
parameters like ⇤G , LE pressure gradient on the LE, )D decay, FST energy spectrum,
?/ G associated to the flow and many more, that is why most transition prediction

models fail to capture transition and its extent.

2.2. Influence of 3D roughness
Single-roughness elements (diameter 3) typically are surface protrusions which act as a
threat to the laminar boundary layer and small-scale variations in their height : can cause
laminar-turbulent transition. A simplified, three dimensional cylindrical roughness
flow is often characterised by its roughness Reynolds number '4kk = D::/a, where D:
is the undisturbed velocity at the roughness height and location of the roughness G:
and a is the kinematic viscosity. Figure 2.2 summarizes existing experimental data in
roughness induced transition and compares it with well-known transition criteria by
von Doenhoff & Braslow (1961) (boxed area in light blue). The roughness Reynolds
number at transition, apparently varies with the aspect ratio of the roughness [ = 3/: .

Particularly driven by numerous applications (discussed earlier), up to 1960s
numerous experiments were performed, however the data shows a scatter. von Doenhoff
& Braslow (1961) collected all the data and presented this transition diagram and
suggested the following criteria:

If the data points lie below the transition diagram, the flow is expected to be
laminar and steady.
If the data points lie above the diagram, it indicates that transition has already
happened at a certain downstream position with respect to the roughness location
G: .
Within the transition diagram, the flow may undergo transition. The scatter is
due to various parameters like the shape and geometry of the roughness, flow
conditions like pressure gradients, etc.

Much later, as typically called as ‘the Fransson’s experiment’ in literature, are
the transition delay experiments by Fransson et al. (2005a), where the transitional
Reynolds number is reported even though it is not a study on roughness induced
transition scenario, instead they set up stable streamwise streaks with the help of array
of cylindrical roughness elements. The current experimental data from Paper 5, shows
at least a noticeable trend. Many transition prediction models in this scenario are
based on '4kk,tr [

# , where # can vary from 1/2 (for spherical roughness, see
experiments of Van Driest & Blumer 1962) or 2/5 (ONERA Model of Vermeersch &
Arnal 2010). However, these models fail again since they are valid only for certain
roughness geometries or only in a limited range of [, a more systematic study varying
the aspect ratio of the roughness or even the shape of the roughness is not available
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Figure 2.2: Roughness Reynolds number '4kk at transition versus the aspect ratio [.
The figure compares all the existent experimental data with the von Doenhoff transition
diagram highlighted in light blue.

in literature till date. The current results are based on systematic parameter variation
of both 3 and : and show significant hysteresis in the critical value of the roughness
height that causes transition, which was not studied in previous literature. Moreover,
the instabilities that occur prior to transition, are yet not understood. Based on Loiseau
et al. (2014) and Puckert & Rist (2018), we know that for [ 1, the instability of
sinuous type prevails and for [ 2, the varicose type dominates. In this thesis, we also
investigate the instabilities in the wake of a cylindrical roughness element, namely, the
varicose type, the sinuous type and global or convective instabilities.
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Measurement facility and techniques

This chapter presents a brief description of the wind tunnels utilised for the studies
reported in the thesis, the experimental setup and the measurement techniques for both
FST studies and roughness experiments. A detailed information on the construction of
the flat plate for FST experiments is also presented.

3.1. Wind-tunnel facilities
3.1.1. Wind tunnel for FST experiments and flow visualizations

The free-stream turbulence experiments are performed in the Minimum Turbulence
Level (MTL) wind tunnel located at KTH Royal Institute of Technology. MTL1 is a
closed-loop tunnel with a 7 m long test-section and a cross-sectional area of 1.2 0.8 m2.
The axial fan can generate speeds up to 69 m/s in an empty test section. The streamwise
velocity fluctuation level (Drms) is less than 0.025% of the free-stream velocity * ,
measured at a nominal speed of 25 m s 1. The inbuilt PID controller linked to the heat
exchanger unit is utilised to regulate the temperature inside the test section accurate
within 0.05 C. Inside the test section, the total pressure variations is less than

0.06%. The wind tunnel layout and its performance characteristics can be found in
detail in Lindgren & Johansson (2002b).

3.1.2. Wind tunnel for roughness experiments

The experimental campaign to investigate roughness induced transition is performed in
the Boundary Layer (BL) wind tunnel located at KTH Royal Institute of Technology.
BL2 is a down-scaled version of MTL with an advantage of changeable test section.
The 4.2 m long test section designed by Fallenius (2011), has a cross-sectional area of
0.5 0.75 m2. The turbulence level inside the test section is 0.04% in the streamwise
direction measured at the nominal velocity of 25 m s 1. At this nominal velocity, the
variations in the total pressure and total temperature are less than 0.1% and 0.07 C,
respectively. Additional details and the wind tunnel layout are given in Lindgren &
Johansson (2002a), the construction of the test section is mentioned in detail in Fallenius
(2011).

1MTL is initially named after the late professor Mårten Teodor Landahl.
2BL also corresponds to its initial designer Björn Lindgren.

9
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3.2. Experimental set-ups
3.2.1. Free-stream turbulence experimental setup

Figure 3.1: A snapshot of the FST experimental setup at MTL wind tunnel

Set-up LE Plate 1 Plate 2 Plate 3 Joint Flap
(mm) (mm) (mm) (mm) (mm) (mm)

1 260 2120 2120 – – 1600
2 160 2000 1000 1000 200 450

Table 3.1: Dimensions of leading edge, plate and trailing edge flaps.

For the measurement campaigns as discussed in papers 2, 3 and 4, the experiments
were performed in MTL wind tunnel. A photograph of the typical setup is demonstrated
in figure 3.1. Since in the abovementioned papers two different setups were used, for
simplicity and convenience, let us refer to them from now on as set-up 1 and 2. The
main set-up used in papers 2 and 4 is set-up 1, however to check the setup independency
and repeatability in experiments, in paper 2, set-up 2 is also utilised to repeat some
of the measurements. While, in the paper 3, only set-up 2 is employed. In these
experiments, a typical set-up consists of a leading edge, flat plate and a trailing edge.
The dimensions of different sections that constitute the set-ups are outlined in table 3.1.

In set-up 1, to facilitate static pressure measurements, intermittency detection
through streamwise microphones, and turbulent spot characteristics from spanwise
microphone arrays, the leading edge has been modified and used in combination with
the newly built plates. The design and construction of the setup 1 is outlined in
appendix A. The asymmetric LE is 260 mm long and 30 mm thick, is a removable part
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that can be connected to the 4240 mm long flat plate. This asymmetric LE minimises
the LE pressure gradient region. The design and validation of the LE are reported in
Fransson (2004) and has been used successfully in several experimental studies (cf. e.g.
Fransson et al. 2003; Yoshioka et al. 2004; Fransson 2010). However, in set-up 2, a
different leading edge 160 mm long and asymmetric, is utilised. This LE is 20 mm thick
and was first reported in Klingmann et al. (1993). It has also been used in many past
investigations (cf. e.g. Matsubara & Alfredsson 2001; Fransson et al. 2005; Fransson &
Shahinfar 2020). The flat plates are mounted at a height of 190 mm from the test section
floor and are supported by two adjacent U-beams aligned in the streamwise direction.
The leading edges are positioned inside the test section at distances of 2500 mm and
2030 mm in set-ups 1 and 2, respectively, from the entrance of the test section.

The pressure gradient on the flat plate is controlled by the ceiling of the test section.
The ceiling panels can be individually adjusted to obtain a zero pressure gradient region
on the plate. Remember that, the cross-sectional area has to grow at the same rate as
4 X1, where X1 is the BL displacement thickness, factor four comes by taking into
account the growing BL on the plate, 2 tunnel side walls, and the ceiling. On the other
hand, the pressure gradient on the LE region can be adjusted using the trailing edge flap,
typically attached at the end of the flat plate and is positioned in the diffuser section of
the wind tunnel. The flap is installed with mechanism so that it can be turned to change
the angle easily. It should be borne in mind that the flap angles further mentioned in
papers 2,3,4 are not comparable because of change in set-ups, since the flap lengths
differ a lot, only the full LE pressure gradient distribution has to be looked at instead.

The traverse system as shown in figure 3.1, in the MTL is a 3-axis wing traverse
system, with a possibility to attach two single-wire probes at the same time (one being
fixed and the other traversable) for single- and two-point velocity measurements. The
probes are first inserted in to a probe holder that can be fastened to the wing traverse.
For the flow velocity range considered in this thesis (up to 15 m/s), careful attention
is paid to avoid any flow-induced vibrations on the probe (that can lead to erroneous
measurement data) by designing a new probe holders with thin streamlined frontal
body, minimising the probe vibrations or even frequent breakage of probes in the near
vicinity of the wall. Note that, the free-stream velocity is measured from the Prandtl
tube installed inside the test section. For set-up 1, it is installed at 570 mm downstream
of LE, whereas for set-up 2 it is located at G = 0 i.e. the location of LE nose.

3.2.2. Roughness experimental setup

The roughness induced transition study in paper 5 is performed in BL tunnel. A 4 m long
flat plate was installed 800 mm downstream of the test-section entrance vertically. The
200 mm long leading edge of the flat plate is symmetric, 30 mm thick with a geometry
of modified supper ellipse (see Saric et al. 2002; Fallenius 2011). The pressure gradient
on the plate was adjusted to close to zero-pressure gradient conditions with the help
of movable front walls. However, the LE pressure gradient was controlled with the
500 mm long trailing edge flap. The flap angle was fixed to 18 to adjust the location
of the stagnation line on the measurement side of the LE. The localised roughness is
installed at G: = 300 mm from the LE and is cylindrical in shape. The diameter 3 is
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Figure 3.2: A brief schematic of the roughness experimental setup in BL tunnel.
Dimensions are in mm.

varied in the range of [3, 6, 12, 24] mm. The roughness is connected to an automated
traverse (Opto Sigma RMH-13) with a precision up to 1 m to vary the height : . T-S
waves are generated by means of periodic suction and blowing, injected through a 1 mm
wide disturbance slot located 100 mm downstream of the LE. The periodic waves are
generated using a signal generator connected to an audio amplifier, which in turn is
sent to a sealed loudspeaker. From the loudspeaker, flexible tubes are connected to
disturbance slot. A Prandtl tube was installed 300 mm downstream of the LE (i.e. same
streamwise location as roughness) on the test section floor, at a height of 200 mm. The
measurements mainly include single-point velocity measurements using a hot-wire
probe attached to a 3-axis traverse system.

3.2.3. Flow visualization experimental setup

Figure 3.3: A brief schematic of the flow visualization setup in MTL wind tunnel.
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The flow visualization experiments in paper 6 are performed in the MTL wind
tunnel with set-up 2 as shown in figure 3.2, see table 3.1 for dimensions. More details
on the plate and leading edge, and pressure gradient adjustments can be found in § 3.2.1.
The trailing edge flap angle was locked to 17.8 to minimise the suction peak and have
a near to zero pressure gradient region on the LE. Cylindrical roughness elements, same
as in § 3.2.2 were mounted on the plate at a downstream distance of 450 mm from the
LE. The height of the roughness elements could be varied in the range of 0 to 13 mm
with 1 m precision using an automated traverse (Opto Sigma RMH-13).

A JEM ZR25 fog machine fed by Pro Smoke SuperTM, an alcohol based fluid is
utilised to generate smoke and to collect it in an intermediate tank (75 L in volume).
The generated smoke is further forwarded into the smoke slot (1 mm wide) located on
the top surface of the plate at a distance of 210 mm from the LE using hoses. In order to
make the smoke sheet ejected out of the slot homogeneous, the smoke was homogenized
using DC fans inside the tank. Careful attention was paid in order to make the smoke
sheet without any visual perturbations which in turn could result in an instability or even
premature transition on the plate due to the ejected wall-normal smoke jet. To achieve
this, the supply voltage to the DC fans is kept as low as possible. The smoke sheet
was illuminated with laser sheet generated using a divergent cylindrical sheet optics
attached to a green continuous laser (peak power of 1.5 W and 532 nm wavelength).

The flow was recorded using three synchronized (through a triggering signal)
high-speed cameras (MotionBLITZ EcoSens Mini1) equipped with 50 mm lens. The
cameras were mounted on the ceiling of the wind tunnel, facing downwards and were
positioned in series in the streamwise direction. The cameras have a resolution of
1280 1024 pixels, with a maximum frame rate of 506 fps. As apparent from figure 3.3,
there is a overlapping between individual fields of view. In the current experiments, a
frame rate of 200 fps is used along with the maximum resolution of the cameras.

3.3. Measurements and instrumentation
3.3.1. Pressure and temperature measurements

For measuring the atmospheric conditions, a Furness FCO560 digital micro-manometer
is utilised. The atmospheric pressure %atm is measured by connecting a Druck PTX5072
absolute pressure transmitter to the Furness. The absolute pressure can be measured at
0.01 mbar resolution with an accuracy less than 0.5% FS (full-scale). The temperature
) inside the wind tunnel test-section was measured by installing a PT100 coupled to the
Furness, at a resolution of 0.01 C and an accuracy less than 0.025% FS. The density
of air is calculated by using the ideal gas law:

d =
%atm

')

, (3.1)

where ' represents the specific gas constant 287 J kg 1 K 1. Using the obtained density,
the kinematic viscosity of air is calculated as a = `/d, where ` is the dynamic viscosity
of air estimated according to the Sutherland’s law:

`

`0
=
✓
)

)0

◆3/2
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, (3.2)
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where the constants (, )0 and `0 are 110.4 K, 273.15 K and 1.716 10 5 kg m 1 s 1,
respectively.

The output of the Prandtl tube i.e. the static and total ports are fed to the Furness to
measure the dynamic pressure in the free stream inside the test section. The differential
pressures can be obtained in the range of 1 Pa to 20 kPa with an accuracy less than
0.1% R (reading). Moreover, the obtained dynamic pressure is used as a reference to
calibrate the hot-wire probes.

To measure the pressure coefficient distribution on the measurement side of the
plate and leading edge, the static pressure from the pressure taps were recorded with a
Scanivalve MPS4264 module, a 64-channel miniature pressure scanner. This pressure
scanner can perform simultaneous time-resolved pressure measurements in the range of
0 to 3.5 bar at a sampling rate of 850 Hz and an accuracy of 0.06% FS.

3.3.2. Velocity Measurements

Both single- and two-point streamwise velocity measurements throughout the thesis
were performed using hot-wire anemometry (HWA). The basic notion of HWA is that
when an externally heated wire (electrically) is exposed to a fluid stream, the wire will
be subjected to convective cooling. The first ideas date back as long as early 1900’s,
however the wire resolution was as big as about 10 cm long and a diameter of roughly
0.1 mm. In recent days, the commercially available wires are mostly 5 m in diameter
and 1 mm long, either made of materials like platinum or tungsten.

In this thesis, the in-house manufactured single sensor hot-wire probes were utilized.
The sensing wire is made of Wollaston Platinum with 5 m in diameter that is clad in a
silver coating. The silver is removed by etching the Wollaston wire in dilute nitric acid
(65% concentration), then then exposed wire is about 2.5 m i.e., the resultant platinum
core. In the final soldered hot-wire probes, the sensing element is typically 0.5 mm
long. The hot-wire probes were operated thorough constant temperature anemometry

(a) (b)

Figure 3.4: (a) An example of dual hot-wire probe set up used in the experiments. (b)
A typical calibration plot for two probes by performing in-situ calibration in the free
stream. Solid markers represent the measured data, while the solid lines mean the
individual calibration fits.
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(CTA) mode, where the sensor acts as the fourth arm of the Wheatstone bridge. In this
mode, in order to keep the temperature constant as the bridge is operating, the wire
has response in the form of voltage change applied on top of the bridge as a result of
changes in the velocity in the flow.

A DANTEC dynamics anemometer system (Streamline 90N10 frame with 90C10
modules) was utilized for operating the probes in CTA mode. The velocity data was
acquired through a 16-bit, NI PCI-6259 DAQ system. Since HWA is an indirect velocity
measurement, typically hot-wire response is in terms of voltage only, a calibration
is needed. The probes were calibrated in-situ in the free stream against the dynamic
pressure obtained from the Prandtl tube. To do this, the probes were placed inside the
test section in the free stream and a Prandtl tube was installed at the same streamwise
and spanwise location, but a different height. For most of the FST experiments, a
dual hot-wire probe setup as shown in figure 3.4a is used for measurements. Two
probes are simultaneously calibrated by placing them at a 50 mm separation in between
them. Typical calibration curves in the experiments performed are shown in figure 3.4b.
Further, a modified King’s law, which considers the natural heat convection especially
at low velocities is fitted to the measured data, to obtain a calibration fit (solid lines
in the figure). The modified King’s Law (Johansson & Alfredsson 1982) has an extra
term compensating the natural heat convection and is given as:

* = :1 (⇢
2

⇢
2
0)

1/=
+ :2 (⇢ ⇢0)

1/2
, (3.3)

where * is the velocity, ⇢ is the measured voltage, ⇢0 is the zero-velocity voltage, and
:1, :2 and = are the calibration coefficients. Single point measurements are performed
with the traversable probe, whereas an extra probe (fixed) is used together with the
traversable probe for the two-point correlation measurements.

3.3.3. Microphone based wall-pressure measurements

In this thesis, a new intermittency detection technique based on the wall-pressure
signals obtained from the electret microphones recessed inside a cavity under a pinhole
orifice is developed, validated and implemented. More details can be found in Paper
1. Different commercially available electret microphones are shown in figure 3.5c
in diameters 10 mm to the lowest 3 mm range. To gain more spatial resolution in
measurements, we use 3 mm microphones in the experiments, since the diameter has
no noticeable influence on the measured intermittency distributions. The microphones
were housed inside a PVC pipe (shown in the figure) to avoid any contact between the
microphone casing and the plate, since both are made of metal, this would result in
unnecessary electrical noise during signal acquisition.

Since the electret microphones are analog sensors, they need pre-amplification
before any data acquisition. The microphone signals were individually amplified using
pre-amplifier circuits prior to acquisition. To do this, the microphone inputs were
connected to four custom built 53-channel mic preamp boxes using IDC flat cables (see
figure 3.5a). Each individual mic preamp needs a DC voltage of 9 V as input with a
maximum current consumption of 5 mA. This is provided with the help of two separate
power supplies to the four preamp boxes. An inside view of the custom-built mic
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(a) (b)

(c)

Figure 3.5: (a) Setup showing the connection of microphone input to 4 preamplifier
boxes. (b) Inside view of a custom built 53-channel mic preamp box. (c) Commercially
available electret microphones, PVC pipe used as mic housing unit and an individual
mic preamp PCB used in the 53-channel box.

preamp box is shown in the figure 3.5b. Also, the individual mic preamp used is shown
in the figure 3.5c. The whole custom-built setup is inexpensive unlike the commercially
available 64 channel mic preamp boxes. Simultaneous sampling of the microphone
signals using a 256-channel high-end data acquisition (DAQ) system, incorporating
eight 32-channel NI 9205 modules mounted in NI cDAQ-9189 chassis, provided a full
streamwise intermittency distribution within a sampling time of 60 s.



C������ 4

Main results and remarks

The present chapter briefs a few important observations, remarks and the results obtained
through the experimental works reported in the thesis. This thesis is mainly divided
into two parts, the first, boundary layer transition induced by free-stream turbulence and
the second, boundary layer transition induced by isolated or 3D cylindrical roughness
elements. The first part of the thesis is presented in papers 1, 2, 3 and 4, whereas
the second part is the main topic of papers 5 and 6. In part one, a need to establish
an intermittency detection technique unlike the conventional hot-wire based methods
was identified and to reduce measurement time and eliminate the traversing time of
measurements, a microphone based intermittency detection technique is introduced.
Then, we examine the sensitivity of the leading edge pressure gradient region on the
transition Reynolds number, when the BL undergoes transition to turbulence due to
free-stream turbulence. Later, we report experimental results from 83 unique test cases
where the free-stream conditions are varied systematically, and in a wider range than the
existent experimental or numerical works. It was recognized that, in the literature there
are not many works that compare the simulations with experiments. For that reason,
the results from a new test case is compared with a well-known and open sourced direct
numerical simulation work in the literature. Furthermore, in the same comparison study,
two additional experimental cases are presented which could be of interest in future,
especially for simulation works to compare with experiments. However, in the second
part of the thesis, it was realized that in literature, there are are no experimental works
where roughness induced transition is studied carefully through systematic parameter
variation of the aspect ratio of the roughness element. Hence, in the experiments,
the aspect ratio was systematically changed by keeping the diameter of the roughness
fixed and varying the height in micron precision. In addition to that, flow visualization
results from the flow over single 3D roughness is studied carefully to explore more the
instabilities that occur prior to the transition.

4.1. Results from the FST experiments
4.1.1. Need for a new intermittency detection method

The majority of the experiments performed in the current thesis deal with boundary
layer transition, and determination of its location and extent. Almost all the previous
experimental works reported in the literature on transition location determination are
solely based on the traditional hot-wire anemometry (HWA). This method totally relies
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on the fact that intermittency is maximum on the wall-normal location of the maximum
of Drms, since we know that the wall-normal intermittency evolution looks quite similar
to Drms evolution. Based on this fact, one needs to pre-determine all the H-locations
of Drms,max at range of the streamwise locations of where we intend to look at the
W-distributions. Now, this in practice, atleast roughly 20 minutes of measurement time
and also time for identifying the H-locations of Drms,max. And for a sampling time of 45 s
(a good sampling time for intermittency measurements using HWA), it would take at
least 15 minutes for about 20 points in the streamwise direction and not to mention, we
have to add the hot-wire traversing time in G- and H-directions. In total, we are talking
about an hour of time to just identify the transition location and its extent. Keeping
this in mind, since in this thesis, we intend to do parameter variation study in FST
conditions in an extensive range unlike the previous experiments, we sought for a new
intermittency detection method, to be more realistic and practical. It is already known
fact that the when the microphones are cavity mounted under a pinhole orifice or even
flush mounted, we measure wall-pressure signals. This technique is extensively used
in turbulent boundary layers to look at wall-pressure fluctuations. Interesting enough,
as shown in Paper 1, the microphone signals clearly show signs of intermittency. We
took advantage of this, and proceeded further.

Initially, the test measurements were performed inside the BL wind tunnel using
a single microphone, 10 mm in diameter, which is cavity mounted under an orifice
on the flat plate. By generating turbulence in the free stream, we wanted to record
the intermittent signals. To do this, we already know that if we increase * for a
given )D, the transition location would move upstream and for a certain value of
* , the transition point would be exactly happening at the streamwise position of
microphone. As hypothesized, the method works perfectly as shown in the results of
Paper 1. However, when we thought of building a new flat plate, we had to take into
account two important considerations: 1) spatial resolution/distribution of microphones
2) amplification of these analog mics. In this project, digital microphones (similar to
the ones typically used in modern day mobile phones) were used initially, since digital
devices have no need for external pre-amplification of signals, whilst the analog devices
need a pre-amplification since the output is very small (typically in 5–10 mV and this is
more or less the accuracy range of DAQ systems and to acquire these signals one needs
to pre-amplify the signals). But, this had a problem, since digital signals were not
easy to interpret in terms of identifying a turbulent spot, when compared to an analog
mic signal. So, we decided to proceed with the low-cost, analog microphones for the
experiments conducted in this thesis. Since, we deal with microphones in large scale,
and each microphone needs individual amplification, four 53-channel pre-amplifier
boxes were custom built for the experiments that are discussed in the papers 2 and
3. The second realisation was the spatial resolution of the microphones on the plate.
So, we ran tests in the BL tunnel with different diameter microphones (commercially
available as 10, 6 and 3 mm ) for the same FST condition and identified that there is no
effect of the diameter on the obtained W-distribution. Hence, 3 mm microphones were
chosen and were mounted in streamwise direction for the conducted measurements.
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Figure 4.1: Intermittency distributions obtained from hotwire and microphone signals
compared at various free-stream speeds. See figure 3b in Mamidala et al. (2022) for
more details. Cyan circles are the transition locations (W = 0.5) and the solid curves are
individual curve fits to mic data to obtain the transition locations.

Figure 4.1 shows one of the first results obtained in the MTL wind tunnel, that
confirms the usage of the mic-based intermittency detection method in our experiments
and presents a validation and verification. Here, the W-distributions obtained from the
wall mounted microphones and the hot-wire probe that is traversed at the wall-normal
location of maximum of Drms. The intermittency distributions agree well at all the
free-stream velocities, and in this specific example shown, the upstream movement of
transition location by increasing speed at the same FST condition at the LE is illustrated.

4.1.2. Campaign 1: LE pressure gradient effects

In most simulations in BLs subjected to FST, either direct numerical simulations (DNS)
or large eddy simulations (LES), a leading edge is not present, and the simulation starts
at certain downstream location of the flat plate (see Rai & Moin 1993; Voke & Yang
1995; Jacobs & Durbin 2001; Brandt et al. 2004; Zaki & Durbin 2006). The reason
is threefold, 1) simply due to the fact that some computational codes cannot handle
complex geometries such as a LE, 2) to avoid extra computational cost, 3) other reason
is the lack of understanding the LE receptivity. However, in reality, a leading edge is
unavoidable. The geometry of the LE imposes a pressure gradient inherently to the flow.
In the past, the influence of LE geometry has been studied extensively but only under
very low )D levels through both experiments and simulations. At low-to-moderate
)D levels in FST experiments of Westin et al. (1994) and Suder et al. (1988a), it was
already realised that the inherent LE pressure gradient has an influence on the transition
onset and the location. It is known fact that a symmetric leading edge would result in
suction peak in the pressure gradient. More recently, the idea of using an asymmetric
LE that minimises LE pressure gradient region was implemented. However, the degree
or the extent of the sensitivity of this intrinsic LE pressure gradient on the transition
location and the transition Reynolds number is not properly understood. In simulations,
it is a cumbersome task to vary the LE pressure gradient and to study its influence
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on transition even for a single FST condition (i.e. )D and ⇤G). But, in experiments,
this can simply achieved with the help of a trailing edge flap and by varying the flap
angle, the pressure gradient region present on the LE can be significantly modified,
all the way from having a huge suction peak with large negative pressure coefficients
to significantly high pressure coefficients in the LE region. Keeping this mind, in the
campaign 1 experiments, the flap angle is varied in a more systematic manner. Also, to
understand the influence of ⇤G , the FST condition )D is kept constant at 2% while the
integral length scale ⇤G is modified.

In the Paper 2, it was realized that the trailing edge flap angle q is totally a setup
dependent parameter and thus, is not suitable to use it to quantify the LE pressure
gradient. In consequence, a non-local, flow acceleration/deceleration parameter < is
introduced which has an advantage over existent non-dimensional pressure gradient
parameters that are local (i.e. vary with G). It should be noted that, in the case of q = 0
or even very low flap angles that results in suction peak, we have < 0, whereas for
high flap angles i.e. high pressure coefficient ⇠? values on the LE, then, < 0.

In figure 4.2a, the variation the LE pressure coefficient distributions are shown for
increasing <-values in the range of [8.5 10 3 9.5 10 2

]. The reference case
where the FST conditions are tuned is < = 3.3 10 2. In the figure 4.2b, the influence
of LE pressure gradient on the transition Reynolds number is shown for )D = 2% and
increasing streamwise integral length scale. The reference case is highlighted as a
dashed line. Apparently for the smallest ⇤G = 7.1 mm in case C1, a noticeable change
in trend is observed. The change in the transition Reynolds number '4tr is close to
40%. In order to verify this, the experiments were repeated in a totally different setup
and the new results obtained show the similar trend for the smallest integral length scale
case. This demonstrated setup independency and the repeatability of the experimental
result obtained. It can be clearly said that, for moderate turbulence intensities and for
small ⇤G , the LE pressure gradient has an important role in the receptivity process as
well as the boundary layer transition. This high variations and sensitivity of '4tr to the
LE pressure gradient has so far not been reported in the literature.
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Figure 4.2: (a) Mean ⇠? distributions on the LE for increasing <-values. (b) Transition
Reynolds number versus parameter < for increasing ⇤G . Here, the integral length scale
values are ⇤G = [7.1, 15.8, 21.3] mm for cases C1, C4 and C5, respectively. Dashed
line represents the location where FST conditions )D and ⇤G are tuned.
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4.1.3. Campaign 2: Main results from 83 unique FST test cases

The very first as well as least known experiments of Hislop (1940), lists out a huge table
of FST results in terms of '4tr for a wide range of )D levels and varied mesh widths of
the turbulence generating grids. At that time it was not understood about the importance
of FST integral length scale, but it is clear from his results that, there is an influence of
⇤G on the transition Reynolds number. This can be simply understood on the basis that
mesh width of the grid is proportional to ⇤G . The results point that for increasing mesh
width i.e. the integral length scale, the transition location moved further downstream.
Another similar instance can be found in Suder et al. (1988a). The transition onset
moved upstream by doubling the streamwise integral length scale, which at that time,
the authors doubted could be due to an influence of ⇤G . Note that, the well-known FST
transition experiments in the literature like the T3A experiments of Roach & Brierley
(1992) were performed at a constant turbulence intensity at the LE and even a constant
free-stream velocity. It should be mentioned that, a constant free-stream velocity means
the BL base flow is unmodified. Not until Jonáš et al. (2000), the importance of
FST length scale was understood properly. Jonáš et al. (2000), basically repeated the
T3A experiments i.e. for )D 3% at the LE and * = 5 m s 1, but for increasing
dissipation length scale in the free stream.Their results indicate that the transition onset
moves upstream as the dissipation length scale increases, basically contradicting Hislop
(1940). Fransson et al. (2005) was another prominent FST transition study conducted
for a wide range of )D levels, however their data was not organised on the basis of
integral length scale and the results did not affirm the importance of ⇤G . Much later,
Fransson & Shahinfar (2020) performed a big parameter variation study by varying both
FST intensity in a large range of [1.84 5.87]% and integral length scale in the range
of [16.29 25.6] mm at constant free-stream velocity of 6 m s 1. Even though the
parameter variation was not performed in a systematic way, their results show twofold
effect of ⇤G on '4tr.

After the campaign 1 was finished, we took advantage of the microphone based
intermittency detection as discussed in Paper 1, and performed a parameter variation
study both in terms of FST conditions the turbulence intensity )D, the integral length
scale ⇤G and the free-stream speed * . In this experimental campaign, )D was varied
in the range of [1 7]% in steps of every 0.5% and the length scale ⇤G was altered in
a significantly wider range of [4.3 35.6] mm than existent experimental works in the
literature. Also, the free stream velocity was varied in between [6 15] m s 1. For
each reported )D-level, the integral length scale was systematically varied by either
changing the grid itself or using the same grid but moving it to a different streamwise
location relative to LE. This generated a total of 83 unique FST conditions.

Some of the main results of the campaign 2 are shown in the figures 4.3a and
b. In the figure 4.3a, the variation of the transition Reynolds number with the FST
Reynolds number '4fst is demonstrated using the data obtained from the hot-wire as
well as the microphone signals. As apparent from the figure, there is a good match
between the values of '4tr from both mic and hot-wire data. This shows the robustness
of the intermittency estimation method utilised in the FST experiments reported in the
current thesis. Figure 4.3b shows the variation of the length scale ratio _I/⇤G with
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Figure 4.3: (a) Transitional Reynolds number '4tr versus the FST Reynolds number
'4fst obtained using hot-wire data and microphone data. (b) The spanwise wavelength
_I of streaks scaled with the integral length scale ⇤G and its variation with '4fst.

the FST Reynolds number. Note that, here the spanwise wavelength of the unsteady
streamwise streaks _I is measured at the transition onset i.e. at an intermittency factor
of W = 0.05. From this figure, it is clear that the streak spacing or the spanwise
wavelength of the streaks seems to be dependent on the FST integral length scale and
the FST Reynolds number. Moreover, the present experiments are compared with the
previous experimental and simulations (Roach & Brierley 1992; Fransson & Shahinfar
2020; Jacobs & Durbin 2001; Brandt et al. 2004; Ovchinnikov et al. 2008; Zaki 2013).
It should be mentioned that the simulations of Jacobs & Durbin (2001) and Brandt
et al. (2004), do not have a leading edge in their simulations. Apparently, all the data
collapse onto a single empirical power law as highlighted in thick solid line in black in
the figure 4.3b. The empirical power law is given in Paper 3.

4.1.4. Campaign 3: Experiments versus DNS

In literature, several experimental works and simulations in free-stream turbulence with
seemingly same free-stream conditions like )D, and can have a noticeable disagreement
in the results (onset, transition location and its characteristics). As discussed in the
earlier, this could possibly due to the fact that length scales are different, or )D is
measured at the inlet of the simulations, or the decay of turbulence i.e. )D-decay is
not the same etc. It was realised that there not many direct comparison studies in FST
induced transition. In this study, we take an initiative to use a standard DNS case, that
is built on the basis of well-established T3A experiments and present an experimental
test case with FST conditions replicated from the DNS. Although, it is not essential to
perform such a validation study, but such verification could be very useful in the future.
The DNS case considered is the data of Zaki (2013) and can be openly accessed from
the John Hopkins Turbulence Database (JHTDB). This is a DNS flow case on a flat
plate with an elliptical leading edge. Furthermore, other than a single experimental
case that matches )D = 3.12% and ⇤G = 5.32 mm at the LE in the DNS, we present
two extra cases at a two higher streamwise integral length scales by keeping )D constant
and at the same free-speed velocity. Based on a integral scale matching between the
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Figure 4.4: (a) The turbulence decay in the free stream in the DNS compared to
experiments. (b) Integrated disturbance energy ⇢int versus downstream Reynolds
number '4G for the DNS case and experiments.

DNS and EXP1 case presented in Paper 4, the free-stream velocity in the experiments
was locked to * = 6.2 m s 1. The integral length scale values in the experiments are
[5.31, 14.75, 28.84] mm for the cases EXP1, EXP2 and EXP3, respectively.

The results from campaign 3 are outlined in Paper 4. Starting with comparison
of the FST conditions namely, )D, ⇤G in the streamwise, wall-normal and spanwise
directions, and the energy spectrum in the free-stream, we also compare the skin friction
coefficients, disturbance energy. Further, we present a concept of FST penetration
depth based on the D E cross-correlation coefficients. In the figure 4.4a, one such
comparison is shown between the DNS and experiments for the decay of turbulence in
the free-stream. There is a good match between the )D-decay for the DNS and EXP1
case. It is important to mention that, for a comparison study, it is not just enough to
match the value of )D at the LE or the inlet of the simulations, but it is necessary to
match the entire decay instead for a good agreement between the transition as well as the
BL characteristics. Captivatingly, for smallest integral length scale in EXP1 case, we
observe a faster decay of the FST. Figure 4.4b illustrates the downstream evolution of
integrated disturbance energy ⇢int for increasing ⇤G and a comparison to the DNS case
is shown. ⇢int is obtained by integrating the wall-normal profiles of root-mean-square
(r.m.s.) of the streamwise velocity component i.e. Drms in a systematic way unlike
the conventional definitions of energy as D2

rms/*
2 . It can be seen that the disturbance

energy from EXP1 case agrees well with the DNS, except the maximum value in the
experiment is slightly lower than the DNS. Most importantly, for the smallest integral
length scale case of 5.31 mm, the energy content is larger in the LE region (highlighted
in the zoomed in figure). This indicates that the small scales can easily penetrate the BL
when compared to the large integral length scales. This is confirmed experimentally
from a similar and an earlier observation made by Brandt et al. (2004). One main reason
behind this is the fact that as )D decays faster for small ⇤G , therefore the continuous
forcing provided from the FST into the BL is less effective eventually.

In the article published by Mamidala et al. (2022), significantly high sensitivity of
the transition Reynolds number to the LE pressure gradients was reported. Since the
EXP1 case also has small ⇤G , however at a slightly higher )D 3.1%, we performed
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Figure 4.5: Transitional Reynolds number vs < for different ⇤G at the same )D

further experiments to confirm the result of Mamidala et al. (2022) in the setup 2
mounted in the MTL wind tunnel (see table 3.1). Here, the trailing edge flap is utilized
to control the LE pressure gradient in an organised way. In the figure 4.5, the influence
of the LE pressure gradient is demonstrated for increasing ⇤G and compared with the
DNS case (single cyan square). The negative values of < correspond to the suction peak
in ⇠? , whereas very high values of < represent the separated flow at the LE caused at
high flap angles (higher blockage). As doubted by many previous researchers, clearly,
the suction peak in ⇠? has a noticeable influence on '4tr. This could be attributed to
the fact that a suction peak is known to destabilise the BL due to the adverse pressure
gradient region created in the LE region and hence the transition happens earlier. In
contrast to the suction peak, at large <-values, we observe a different trend i.e. the
transition is advanced due to the LE separation. Interestingly, at < 2.5 10 2, that
is where the LE separation happens, all the curves collapse onto each other. Note
that, the range of <-values shown in figure 4.5 is significantly higher than the results
presented in Paper 2.

4.2. Roughness induced transition results
4.2.1. 3D cylindrical roughness and T-S waves

The current project was planned in BL wind tunnel (see figure 3.2) with a motivation
to investigate the flow over a single, three-dimensional cylindrical roughness element
mounted on a flat plate under zero pressure gradient conditions in a more sophisticated
way. In such flows, the roughness Reynolds number '4kk characterizes the flow. The
aspect ratio of the cylinder [ = 3/: , is an important parameter, that decides the
transition to turbulence to occur at a particular roughness Reynolds number at transition
'4kk = '4kk,tr i.e. the critical '4kk. In the literature, the experimental works that have
been reported so far, were performed by locking the aspect ratio [, and varying the
Reynolds number '4kk by varying the free-stream velocity instead. Now, by varying
the free-stream velocity, we modify the boundary layer and its thickness. In order to
avoid that, we instead performed the measurements at constant free-stream velocity,
and by keeping the diameter 3 constant, we vary the height : of the roughness element
in micrometer precision, thus changing '4kk, without affecting the base flow. Since, in
the experiments, we can change the height systematically, we also investigate if there is
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Figure 4.6: (a) Hysteresis of the roughness Reynolds number at transition to change in
the aspect ratio [. (b) The amplitude ratio �TS/* of T-S waves that causes transition
versus transitional roughness Reynolds number. Dashed and dotted lines belong to
'4kk,tr without T-S waves. Highlighted region indicates [ 10 and in the unhighlighted
region [ 10.

a hysteresis in '4kk,tr by changing [. In the second part of the project, we introduce
the Tollmien-Schlichting waves, which dominate under very low )D-levels (typical
example in the case of aircrafts) in the form of periodic blowing and suction on to the
plate and study the interaction of T-S waves with the 3D roughness. This is interesting
especially in an industrial point of view, since it helps us in understanding, what kind of
amplitudes of these secondary disturbances like T-S waves cause transition in presence
of roughness elements?

Two important results from this investigation are plotted in the figures 4.6a and b.
The hysteresis of the roughness Reynolds number '4kk,tr when changing : for two fixed
diameters 3 = [3, 6] mm is shown in the figure 4.6a. In the previous investigations
of Loiseau et al. (2014) and Puckert & Rist (2018), hysteresis phenomenon on '4kk,tr
was studied only by changing the free-stream velocity, however, but hysteresis was not
observed in the past. In the current investigation, noteworthy hysteresis is seen, more
importantly for the lowest diameter. Secondly, when the Tollmien-Schlichting waves
were introduced upstream of the roughness location, and the interaction was studied
at * = 6 m/s, we observe that, the necessary amplitude �TS/* (in %) needed for
transition to occur seem to saturate around 2.6% for aspect ratios higher than 10 as
shown in the figure 4.6b. There is a sudden drop in the amplitude for aspect ratios
[ 10 and these amplitudes seem to approach the roughness Reynolds numbers at
transition without the presence of T-S waves (highlighted as dashed and dotted lines).

4.2.2. Flow visualization study

In the aforementioned experimental campaign performed in the BL tunnel, two-point
correlation measurements were performed inside the boundary layer to investigate the
type of secondary instabilities that dominate in the flow behind an isolated cylindrical
roughness element. Even though the results are not reported in this thesis, the cross-
correlation coefficients switch its sign from positive to negative for a particular [,
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pointing out that for certain aspect ratios, there is a coexistence of the instabilities
namely, the sinuous and varicose type, as previously doubted by Puckert & Rist (2018),
however not investigated further. Moreover, in the literature many studies on sinuous
or varicose type instabilities exist, but they are artificially injected for instance as a
puff disturbance on the flat plate and measured further downstream. From the previous
studies like the simulations of Loiseau et al. (2014) and the experiments of Puckert &
Rist (2018), point that for [ 1, the sinuous instability is dominant, whereas for [ 2,
the varicose mode is dominant.These are purely based on the investigations conducted
either one or two aspect ratios, and we still lack understanding on how an instability
map would look like, i.e. in terms of a '4kk [ map, which would give us more
information on under what roughness Reynolds numbers or aspect ratios an instability
like sinuous or varicose type would exist or coexist. Moreover, Loiseau et al. (2014)
performed global stability analysis to identify the critical '4kk, where the transition
occurs. However, Puckert & Rist (2018) argues that this critical Reynolds number is
rather the value where we observe a shift from convective to global instability.

To start with, we performed flow visualization experiments in the MTL wind
tunnel (see setup 2 in table 3.1 and figure 3.3) on the same roughness elements and the
roughness traverse used in the experiments conducted in Paper 5. The initial idea was
to get a overall picture of the instability mechanism that prevails, under wide range of
parameter variation (3, :). But, it has to be understood that, flow visualizations are not
feasible at high free-stream speeds similar to Paper 5, instead, this study is conducted
in a low range of free-stream speeds of 1–4 m s 1. To get a more quantitative result, we
further performed proper orthogonal decomposition (POD) on the time series of the
images instead of just relying on visual interpretation of the videos. The final result
after visual inspection and POD analysis is plotted as an instability map i.e. a map that
defines the instability type in a '4kk [ plane is illustrated in the figure 4.7.

Figure 4.7: Instability map for the flow over a cylindrical roughness element. Colors
display instability; black: no visible instability, red: varicose, blue: sinuous. Symbols
show roughness diameter; ⌥: 3 mm, �: 6 mm, ⌅: 12 mm, : 24 mm. Open symbols:
convective;filled symbols: global instabilities.
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In the figure, different colors represent the instability type. The varicose mode
is shown in red and the sinuous mode is depicted in blue. In the regions where no
movement of the wake is seen is marked by black.It is also possible to identify if the
instability is either a global or convective type by looking at the temporal evolution
of the brightness value of a particular select pixel of an image in the wake of the
cylinder. Using this concept, we identify the global and convective instabilities and
mark them with filled and open symbols, respectively.Additionally, the dashed lines in
the low range of '4kk [ plane are marked to show that there are no instabilities in that
region. And finally, the dotted lines highlight the region where the flow is turbulent
immediately behind the roughness element.This result is in good agreement with the
literature, however the current instability map is obtained for a wide range of '4kk [

values.
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Conclusions and an outlook

The current thesis focuses on the transition to turbulence in boundary layers induced by
free-stream turbulence and isolated roughness elements. The thesis is based on some
new experimental observations and a few results compared with previous works. The
thesis consists of a total of 6 papers. In the following, the main results and observations
are summarised, also, a future outlook is provided.

Paper 1 presents a new intermittency determination approach based on the
wall-pressure signals measured from the cavity recessed microphones under a
pinhole orifice. This approach was built on a purpose to eliminate the traversing
time and reduce the measurement time in transition location measurements
when compared to the conventional hot-wire anemometry based method.
In Paper 2, we investigated the influence of the leading pressure gradient region
on the transitional Reynolds number. A new parameter ‘<’ is established
to quantify the LE pressure gradient in a more organized way. The results
indicate that especially for moderate turbulence intensities and small streamwise
integral length scales in the free stream, the transitional Reynolds number is very
sensitive to LE pressure gradients. The observed variations in the transitional
Reynolds number by altering the parameter ‘<’ in experiments are up to 40%.
A large parameter variation study is performed which resulted in an aggregate
of 83 unique FST test cases and the results are reported in Paper 3. This paper
address that in FST induced transition, why some of the existing transition
prediction models fail and also shows that, it is not just the turbulence intensity
that is important, but also the streamwise integral length scale should be
considered. We show that the boundary layer streak scale, that is the spanwise
length scale of the streaks is dependent on the initial conditions of FST at the LE,
and we also provide an empirical power law for to estimate the streak spacing.
A standard DNS case from the open access John Hopkins Turbulence Database
is analysed and an experimental case that matches the DNS is setup and the
results are presented in Paper 4. Furthermore, experimental results from two
new cases are also provided and compared with the DNS at a higher streamwise
integral length scale. We demonstrate that it is very important to consider the
entire )D-decay as well as the FST energy spectrum. The results show that,
small integral length scales can easily penetrate the boundary layer. In the

28
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end, we introduce a new concept of FST penetration depth based on the D E

cross-correlation coefficients by analysing the DNS data.
Paper 5 presents results from an experimental investigation focused on boundary
layer transition caused by single three-dimensional cylindrical roughness
elements of various diameters and a systematic variation of the aspect ratio
of the roughness elements. From the results, we observe a strong correlation
between the roughness Reynolds number at transition with the aspect ratio of
the roughness element. Also, a hysteresis in the roughness Reynolds number at
transition is seen especially for lower diameters. Upon introducing secondary
disturbances in the form of T-S waves, the critical (at transition) roughness
Reynolds number decreased and the necessary amplitude of the T-S waves
required for transition to turbulence saturates around 2.6% for aspect ratios
higher than 10.
In Paper 6, the results from POD analysis on a detailed flow investigation study
conducted in the wake of cylindrical roughness elements of various diameters
are reported. An instability map in the parameter space of the roughness
Reynolds number and aspect ratio of the roughness identifying the instability
type namely, the sinuous type and the varicose type is outlined. Moreover,
global and convective instabilities are also addressed.

In the current thesis, it has been identified that FST induced transition is dependent
not only on FST conditions )D or ⇤G at the LE, but also the LE pressure gradients
as well as it is important to consider the entire turbulence decay and the FST energy
spectrum. In the future, the transition prediction models needs to consider these
important characteristics while developing them and not just considering the )D only.
Based on the DNS results, we investigated the FST penetration depth. However, it
would really interesting to see when systematically varying ⇤G , while keeping )D

constant. Also, for the future experiments on the notion of FST penetration depth and LE
receptivity, it would be more practical to consider 3D laser doppler anemometry, which
have advance frequency response than PIV and can handle complex geometries like LE,
since hot-wire probes are not feasible for two-point cross-correlation measurements on
the LE. In the roughness induced transition, the geometrical shape of the roughness
elements is only cylindrical, it is also important to look at different geometries like solid
square block, upward/downward facing triangular shape etc. Also, for the instability
map presented, it is based on quantitative information extracted from flow visualisation
study. It is important to investigate these secondary instabilities more using advanced
experimental techniques like hotwire anemometry or LDV or even PIV.
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Design and construction of set-up 1

This appendix provides detailed information regarding the construction of the flat-plates
and the modifications made to the existing LE that were used in the set-up 1,which was
used in the Papers 1–3.

A.0.1. Leading edge modifications

The LE used in the set-up 1 is a single solid piece made in aluminium, which also had
possibility to mount a LE slot. The LE slot included smoke slot as well as T-S wave
slot. For convenience and two important practical reasons, the LE was modified, firstly
because it did not have any static pressure taps and secondly the LE needed mounting
holes for the microphones in the streamwise as well as spanwise direction.

The modifications made in the LE are shown in the figure A.1. In total, 19
static pressure taps were added to the LE, one pressure tap on the LE nose, 15 on the
top/measurement side of the LE and 3 on the bottom side of the LE, respectively. The
pressure tap orifices on the flow side were 0.4 mm in diameter and 2 mm in depth.
On the other side of the pressure taps, steel tubes (L-shaped, 1 mm inner diameter)
were inserted, so that flexible PVC hosing (1 mm inner diameter) could be connected,
which further could be extended to the digital pressure scanner.The pressure tap orifices
were drilled normal to the curvature of the LE at all locations, moreover they were
located in a 21 degree staggered pattern both on the top and bottom side of the LE. This
staggered pattern is a common approach in the design of static pressure taps to avoid
flow interference on curved surfaces.

The LE has 24 mounting holes to facilitate the mounting of microphones in the
streamwise direction.The microphone pin hole orifice has a diameter similar to the
pressure tap orifice as 0.4 mm but only 1 mm deep. All the pinhole orifices were drilled
normal to the curvature of the LE, since we measure wall-pressure from the microphones.
The spacing of the microphones is in a increasing manner with downstream distance and
goes as G

2. In addition to streamwise microphones, the LE has 4 new slots to mount
spanwise microphone arrays to facilitate turbulent spot measurements. Each array has
53 microphones, and therefore, we can see 53 pinhole orifices in a zig-zag pattern on
the top side of the LE exposed to the flow. A zig-zag pattern (26 on the upstream row
and 27 on the downstream row) is chosen to increase spatial resolution in the spanwise
direction to 3 mm.Each spanwise array covers roughly 100 mm in span, which is quite
good for spanwise measurements to investigate turbulent spot characteristics.
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Figure A.1: Modifications in the leading edge of set-up 1.
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A.0.2. Design and construction of plates

The 4240 mm long aluminium flat plate is newly built and constitutes of two parts
of 2120 mm long. Each part is a sandwich construction as shown in figures A.2a
and b.Each of the sandwich constructed plates had three main parts, namely, the top
plate (6 mm thick), the ribs (20 20 mm cross-section) to enhance structural stability
and a bottom plate (2 mm thick). Quite similar to the modified LE, the top plate has
holes for static pressure taps, streamwise microphones and spanwise microphone arrays.
As for the static pressure taps, 90 degree bent steel tubes of 1 mm inner diameter were
glued to the aluminium plate, so that flexible PVC hosing could be attached, which
eventually would be connected to the digital pressure scanner.The static pressure taps
were mounted in a straight line manner in the streamwise direction unlike the 21 degree
staggered pattern, since it is a flat plate and not a curved surface like the LE. The
streamwise microphone holes have the same spatial resolution as on the LE. At first,
ribs were clamped to the plate using plastic clamps and were glued to the bottom side
of the 6 mm thick top plate and after the flexible PVC hosing is connected, the 2 mm
thick bottom side is glued as shown in the figures. For gluing purposes, the plates were
placed on a very stable and heavy (2 tonnes in weight) mounting table and several small
weights were put on the top to make sure that the glue sits on each side properly in
between. The bottom plate has slots that are exposed, so that one can easily replace or
mount a individual streamwise microphone or spanwise array in case of malfunction or
for measurement purposes.

Figure A.3 shows the top view of the entire flat plate setup along with the LE. Here,
trailing edge is not shown, since it is just a single piece without any orifices/holes for
measurements. The leading edge is attached to the flat plate carefully so that the joint in
between is smooth and has no steps or discontinuities. All the joints, i.e. the plate-plate
joints and the plate-LE joint have been smoothly polished after filling them with plastic
padding and any kind of steps are avoided within 10 `m range. Plate 1 has a total of
20 static pressure taps, 48 streamwise microphone holes and 13 spanwise microphone
arrays. Similarly, the plate 2 has a total of 20 static pressure taps, 29 streamwise
microphone holes and 6 spanwise microphone arrays. The entire flat plate and LE
combination has an aggregate of 59 static pressure taps for static pressure measurements
to calculate pressure coefficient distributions, 101 streamwise microphone holes for
intermittency measurements and a total of 23 spanwise microphone arrays for turbulent
spot measurements. The streamwise resolution of the mic arrays is in the increasing
order as G

2, the same as the resolution for streamwise microphones. However, static
pressure taps on the LE has a streamwise resolution in the increasing order of G

3,
whereas on the plates, the static pressure holes were located with a constant spacing in
between them.
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(a)

(b)

Figure A.2: Details of sandwich construction of the flat plates used in set-up 1. (a)
Gluing procedure of the ribs and mounting of the 90 degree bent pipes to the static
pressure taps to the top plate. (b) Bottom view of the sandwich constructed plate.
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Figure A.3: Top side view of the entire flat plate with LE (no trailing edge flap).
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Part II

Papers





Summary of the papers

Paper 1
Laminar-turbulent state estimation in intermittent flows based on wall-pressure
fluctuations
This paper presents an intermittency determination technique from the wall-pressure
signals measured from electret microphones that are cavity recessed under a pinhole
orifice. The raw voltage signals measured were used for analysis. There is no
requirement of amplitude or phase calibration. An advantage of this method is reduced
measurement time and absent traversing time, if the microphones are mounted in the
streamwise direction unlike the existing hot-wire based methods. In the study, we
introduce a hilbert transform based criterion function in the signal conditioning process,
a novel technique used in the analysis of ECG or EMG signals in the field of medicine.
The methods has been validated and verified by measuring intermittency distributions
with the turbulence generated from the grids. It was shown that there was no influence
of the microphone diameter on the measured intermittency distributions.

Paper 2
Leading-edge pressure gradient effect on boundary layer receptivity to free-stream
turbulence
We consider the influence of the leading edge (LE) pressure gradient region on the
receptivity process and the transition to turbulence in the boundary layers affected by
free-stream turbulence. So far, the significance of the turbulence intensity and the
integral length scale in the free stream are known, however, we still lack understanding
how the inevitable pressure gradient prevalent on the LE impacts the transition process.
For this reason, the LE pressure gradient is systematically varied with the help of a
trailing edge flap at a constant turbulence intensity and varying integral length scales.
The intermittency distributions were measured from the wall-pressure signals obtained
from the cavity mounted electret microphones underneath a pinhole orifice unlike
the traditional hot-wire anemometry to eliminate the traversing time. We establish a
setup-independent pressure gradient parameter to quantify the LE pressure gradient.
The results show that the LE pressure gradient has a crucial role in the receptivity
process, resulting to variations of up to 40% in the measured transitional Reynolds
number.
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Paper 3
Transition to turbulence in boundary layers subjected to free-stream turbulence
Free-stream turbulence (FST) transition scenario is one of the fundamental problems in
the boundary layer (BL) research. As of now, many transition investigations conducted
show that the transitional Reynolds number is dependent only on the incoming turbulence
intensity)D. Recent experiments and simulations provide evidence that the FST integral
length scale ⇤G is also an important characteristic parameter that affects FST transition.
To understand this transition scenario in detail, we performed a large parameter variation
study by changing )D, ⇤G and the free-stream velocity at the LE. This generated a total
of 83 FST test cases. The results show that the transitional Reynolds number is not
only a function of )D, clearly also depends on the integral Reynolds number which
is a function of the integral length scale. The measured spanwise wavelengths of the
unsteady streaks show a strong correlation with the initial FST conditions at the LE.

Paper 4
A comparative study of experiments with numerical simulations of free-stream turbulence
transition
Today we are lacking direct comparison studies between the simulations and experiments
in FST transition scenario. We take the opportunity to utilise a well established direct
numerical simulations (DNS) investigation from a open source database and setup an
experimental case with FST conditions matching the DNS. Additionally, we provide
three extra experimental cases with higher integral length scale than the DNS. In this
study, we discuss some of the important FST characteristics that are important to
consider to perform such a direct comparison. We compare velocity moments, BL
integral parameters the skin-friction coefficients as well as spanwise scales of the
BL streaks. It is shown that for FST induced transition, one needs to consider a full
turbulence decay as well as the FST energy spectrum and not just rely on the turbulence
level value at the LE. We present a measure for the FST penetration depth based on the
cross-correlation coefficient of D- and E- velocity components.

Paper 5
Isolated roughness and Tollmien-Schlichting waves in boundary-layer transition
This paper addresses the boundary layer transition scenario under the influence of
isolated or single three-dimensional roughness elements. The localized roughness
elements are of cylindrical geometry. We employ cylinders of four different diameters
for which the height can be varied with micro-meter precision, thus changing the aspect
ratio of the roughness in a systematic way unlike the previous studies. The results
show that there is a strong correlation between the roughness Reynolds number at
transition and the aspect ratio. Moreover, we observe a hysteresis in the roughness
Reynolds number at transition, which was doubted in the existent literature but was not
investigated further. When the two-dimensional external disturbances in the form of
Tollmien-Schlichting (T-S) waves were introduced prior to the roughness, we see that
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amplitude of the T-S waves required for transition increases drastically up to an aspect
ratio of 10 and then saturates around 2.6%.

Paper 6
Instabilities in the wake of a cylindrical roughness element: a flow visualization study
One of the simplest geometrical shape in isolated roughness induced transition is
cylindrical shape. The instability mechanism that occurs prior to the transition onset in
the wake of these roughness elements is not yet understood properly. For a wide aspect
ratio range, flow visualization experiments were performed to identify the instability
mechanisms that prevail in a more detailed manner. We provide quantitative results
from the flow visualization images by performing proper orthogonal decomposition
(POD) analysis. The results are in a good agreement with the previous investigations.
We present a instability map in terms of roughness Reynolds number and aspect ratio,
that clearly demonstrates the presence of sinuous, varicose instability modes. Moreover,
we also look into the global as well as convective instabilities.






