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Abstract

Hydrodynamic drag significantly influences the fuel efficiency and operational performance of marine
vessels. Gas Injection Drag Reduction (GIDR) techniques, such as Bubble Drag Reduction (BDR),
Transitional Layer Drag Reduction (TLDR), and Air Layer Drag Reduction (ALDR), have shown promise
in reducing skin friction drag by introducing gas into the boundary layer. However, the influence of hull
protrusions, such as sacrificial anodes and fouling, on these techniques remains poorly understood.
This research addresses the question: How do the placement and dimensions of upstream cylin-
drical obstacles affect the formation and stability of gas phases (bubbly, transitional, and air
layer) in a turbulent boundary layer (TBL)? To investigate this, protrusions are represented as cylin-
drical objects placed upstream of the gas injector, exploring their effects on the gas injection regimes
ina TBL.

The study examines three gas injection regimes: bubbly, transitional, and air layer. In the bubbly regime,
the focus is on bubble morphology and velocity distributions. The transitional regime investigates non-
wetted areas and air layer morphology. For the air layer regime, the study examines the length and
stability of the air layer near the injector. Image processing techniques are used to distinguish the air
layer from the surrounding fluid, providing accurate assessments of the properties of the air layer.

The results demonstrate that cylindrical obstacles have a significant effect on the gas phases. In the
bubbly regime, they alter bubble morphology and velocity, producing localized velocity peaks. In the
transitional regime, obstacles lead to the formation of non-wetted areas and funnel-shaped regions. For
the air layer regime, although the length of the air layer remains mostly unaffected, its stability near the
injector is disrupted by upstream obstacles due to wake-induced instabilities. These findings highlight
the critical role of obstacle placement and dimensions in shaping gas injection regimes.

Future research is needed to enhance understanding in areas such as the integration of velocity mea-
surements (e.g., Particle Image Velocimetry), widening the experimental field of view to capture more
comprehensive flow dynamics, and exploring the impact of various obstacle sizes and geometries.
These investigations will be crucial for refining gas injection drag reduction strategies and advancing
practical marine applications.
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Introduction

Reducing hydrodynamic drag stands as a critical pursuit in the maritime industry, impacting the effi-
ciency and performance of ships and watercraft. This resistance to movement through water signifi-
cantly influences fuel consumption, making drag reduction an important element for achieving energy
savings and meeting emission regulations. In line with the International Maritime Organization’s (IMO)
and the European Union’s directives, there is a global commitment to reduce greenhouse gas (GHG)
emissions by 80%-95% by 2050 (Jinghzen and Hanwei 2017; Psaraftis and Kontovas 2020). A sub-
stantial portion of hydrodynamic drag is attributed to skin friction, which accounts for 60%—70% of
a vessel’s total drag. As a result, reducing skin friction drag becomes a primary target in efforts to
enhance ship performance and reduce both fuel consumption and emissions (Larsson, Raven, and
Paulling 2010; Ceccio, Perlin, and Elbing 2012).

To address this, various drag reduction techniques have been developed, broadly categorized into pas-
sive and active methods. Passive techniques, such as advanced coatings and biomimetic surfaces,
aim to reduce drag without external energy input (Ahmadzadehtalatapeh and Mousavi 2015; Domel
et al. 2018). In contrast, active methods, such as gas injection drag reduction (GIDR), involve manipu-
lating the flow around the vessel using external energy. GIDR is particularly promising as it introduces
gas into the boundary layer to create a lubricating air layer along the hull, significantly reducing frictional
resistance (Kim 2003).

A critical aspect of optimizing GIDR is understanding the interactions between the turbulent boundary
layer (TBL), where most drag forces originate, and the gas layer. The introduction of gas into the TBL
alters its dynamics, particularly in the log layer, where coherent structures such as low-speed streaks
and vortical motions are prevalent. However, the effectiveness of this technique can be complicated
by the presence of obstacles on a ship’s hull, such as sacrificial anodes, hull fins, and fouling like algae
and barnacles. These obstacles may disrupt the interactions between the gas layer and the TBL by
causing flow separation, vortex shedding, and turbulent wakes, potentially reducing the overall drag
reduction achieved.

While previous research has provided insights into the interaction between microbubbles and the TBL,
a significant research gap remains in understanding how upstream obstacles, specifically circular cylin-
drical obstacles, influence the formation and stability of the air layer. For instance, Tan and Longmire
(2017) studied the recovery of vortex packet organization in turbulent boundary layers perturbed by
cylindrical arrays, demonstrating the complexities involved in wake recovery and flow stability. How-
ever, the specific interaction between such obstacles and air layer regimes within the TBL remains
unexplored. This thesis seeks to fill this gap by investigating how the placement and dimensions of
circular cylindrical obstacles affect the air layer, with a focus on experimental analysis. By studying the
streamwise-spanwise plane (x-z), this research will explore the complex dynamics between the TBL,
the air layer, and the obstacles, aiming to optimize configurations for practical marine applications.



The primary research question guiding this thesis is:

”How does the placement and the dimensions of upstream circular cylindrical obstacles affect
the formation and characteristics of different gas phases (bubbly, transitional, air layer) in a
turbulent boundary layer?”

To address this question, the thesis will investigate the following subquestions:

1. "How do the height and distance of upstream circular cylindrical obstacles from the injector influ-
ence the formation and behavior of the bubbly regime, particularly in terms of bubble morphology
and velocity distributions in a turbulent boundary layer?”

2. "How do the height and distance of upstream circular cylindrical obstacles from the injector affect
the transitional regime, specifically in relation to the stability and structure of the air layer in a
turbulent boundary layer?”

3. "How do the height and distance of upstream circular cylindrical obstacles from the injector impact
the air layer regime, particularly with regard to its length and the formation of breakups near the
injector in a turbulent boundary layer?”

The structure of this thesis begins with Chapter 2, which provides the theoretical background and a
comprehensive literature review, covering turbulent boundary layer theory and the current understand-
ing of gas injection techniques, with a discussion on how circular cylindrical obstacles influence flow
dynamics. Chapter 3 details the methodology, including the experimental setup and procedures used
to study the impact of these obstacles on air layer formation. Chapter 4 describes the image process-
ing techniques applied to the experimental data, crucial for extracting meaningful information from the
observations. Chapter 5 presents and analyzes the experimental results, emphasizing the interactions
between obstacles, the turbulent boundary layer, and the air layer, and includes a thorough discussion
of these findings. Finally, Chapter 6 concludes the thesis by summarizing the key findings, discussing
their broader implications, and suggesting potential directions for future research.



[Literature Review

This chapter provides a comprehensive overview of the theoretical background and current research
on modifying turbulent boundary layers (TBLs) through gas injection techniques. The chapter begins
with a brief review of the state-of-the-art drag reduction techniques, which are categorized into passive
and active methods. This overview sets the stage for a more in-depth examination of boundary layers
(BLs), particularly TBLs and their coherent structures, which play a significant role in the drag forces
acting on a vessel. Understanding these structures is crucial because they directly influence how gas
or air layers interact with the TBL, thereby affecting drag reduction.

Given that gas injection drag reduction is primarily applied to marine vessels, which often encounter
protrusions and fouling on their hulls, it is essential to explore the flow around obstacles to gain a deeper
understanding of these interactions. Therefore, this literature review will pay particular attention to cylin-
drical objects, serving as models for typical hull obstacles. The review then shifts focus to the detailed
exploration of gas injection drag reduction techniques, specifically Bubble Drag Reduction (BDR) and
Air Layer Drag Reduction (ALDR), examining how these methods work by altering the behavior of air
and bubble layers within the TBL.

The review concludes by identifying a significant research gap: the impact of upstream obstacles on
the formation and stability of air layers within the TBL, particularly within the streamwise-spanwise
plane (x-z). This gap underscores the necessity for the current research, which aims to provide new
insights into the interactions between air layers, TBLs, and upstream obstacles, ultimately guiding the
development of more effective drag reduction strategies.

2.1. State of the art: Drag reduction techniques

Drag is a significant force that opposes the motion of an object through a fluid, affecting energy effi-
ciency and operational costs, particularly in the maritime industry. According to Larsson, Raven, and
Paulling (2010), friction drag represents approximately 70% of the total resistance encountered by mar-
itime vessels. Thus, effective drag reduction strategies are important to improve operational efficiency
and promote environmental sustainability in maritime transport. This section presents an overview of
the latest drag reduction techniques, which are vital to reducing energy consumption and mitigating
greenhouse gas emissions. These techniques are categorized into two main types: passive and active
drag reduction strategies.

2.1.1. Passive Drag Reduction Techniques

Passive drag reduction techniques use inherent properties and design features to minimize drag with-
out the need for external energy input. One of the primary methods is the optimization of vessel shapes
to achieve streamlined flow, significantly reducing turbulence and BL separation, thus lowering drag
forces. A prominent example is the bulbous bow, an extension located at the ship’s bow that modifies
the wave patterns surrounding the hull, thereby decreasing drag. In addition, the use of specialized
coatings and materials that reduce surface friction has proven effective. In particular, bio-inspired
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surfaces, such as those mimicking shark skin, utilize riblet textures to alter the fluid dynamics at the
surface, thus decreasing resistance (Domel et al. 2018). These passive approaches are beneficial
due to their low maintenance and sustainable advantages, offering long-term benefits without ongoing
energy expenditures (Yifeng, Yuan, and Bai 2017; Stenzel, Wilke, and Hage 2010).

2.1.2. Active Drag Reduction Techniques

Active drag reduction techniques require external energy inputs or control mechanisms to effectively
manage and minimize drag. These methods are particularly valuable in dynamic environments where
real-time adjustments to drag levels are essential. Active techniques are crucial in various industries,
including the aviation, automotive, and maritime sectors. One significant method that is used in the
maritime sector involves manipulating the BL to optimize flow characteristics, thereby substantially
reducing drag. Kim (2003) provides a comprehensive overview of successful strategies for controlling
the TBL and achieving drag reduction. Prominent examples include BL suction, vortex generators,
and air jets. This thesis focuses on the gas injection drag reduction technique, discussed in detail in
Section 2.4.

2.2. Boundary layers

he study of fluid motion, particularly in boundary layers (BL), is crucial to understanding various fluid dy-
namics processes. The Navier-Stokes equations provide the foundational mathematical framework for
modeling these processes, but they have limitations when applied to complex flows. Ludwig Prandtl’s
BL theory, introduced in the early twentieth century, simplified the analysis of fluid dynamics by dividing
the flow into two distinct regions: the outer flow and the inner flow, known as the BL.

In the outer flow, viscous effects are negligible, and the flow is often treated as inviscid and irrotational.
In contrast, within the BL, which is a narrow zone close to solid surfaces, viscous forces become
significant, and the flow adheres to surfaces. In this region, fluid properties such as velocity, pressure,
and turbulence transition from their values at the surface to those in the free stream.

The synergy of the BL approximation with the Navier-Stokes equations has become a cornerstone for
solving complicated flows. The effectiveness of the BL approximation hinges on the crucial assumption
that the BL thickness is exceedingly thin. This thickness, dq9, is generally described as the distance
from the wall to the location where the velocity attains 99% of the velocity in the outer flow region. In
particular, the thickness of the BL varies with distance z, as illustrated in Figure (2.1). The thickness
of the BL on a flat plate can be calculated using the Blasius solution Equation (2.1) if it is laminar. If
the BL is turbulent, it should be calculated using Equation (2.2). In these equations, v is the kinematic
viscosity, z is the length of the BL and U, is the free-stream velocity.

| VT

Ui\~ V°
)

(599 =0.37x ( (22)

The Reynolds number, denoted as Re and defined in Equation (2.3), is a non-dimensional number
representing the ratio of inertial forces to viscous forces within a fluid. It is a crucial parameter that
governs BL flow. The method for calculating the Reynolds number can vary depending on the physical
situation or the characteristics of the flow. For instance, when considering flow through a pipe, L might
be the diameter of the pipe, while for flow over an airfoil, . would be the chord length of the airfoil.
These variations ensure that the calculation accurately reflects the dominant physical scales and flow
dynamics specific to each scenario. The thickness of the BL can be calculated using Equations (2.1)
and (2.2). Equation (2.1) is used for a laminar BL and Equation (2.2) for a TBL.

pUscL  UxL
v v

Re =

(2.3)
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At a certain critical Reynolds number, which is approximately Re, .. ~ 10°, small disturbances in the
flow over a flat plate start to grow, which changes the behavior of the BL. It transitions from being laminar
to becoming turbulent. The BL is fully turbulent at the transition Reynolds number, Re, rqnsition =
3 x 108. This is visualized in Figure (2.1). Given that the flow beneath a ship’s hull typically involves
Reynolds numbers surpassing 10°, this paper will specifically focus on TBLs.

=l
¥ =
v L
LS
8(x)
I
i
—_n
A A
loe R S e >
1
Laminar ] 5 Transitional 1 Turbulent
Re, = 10 Re, =3 x 10°

Figure 2.1: Transition of the laminar BL over a flat plate into a fully TBL (White 2011)

2.2.1. Turbulent boundary layers

Turbulent boundary layers (TBLs) are characterized by complex interactions between fluid layers with
varying velocities and spatial scales, leading to the formation of vortices and irregularities that con-
tribute to the chaotic nature of the flow. This turbulence within boundary layers is driven by several key
mechanisms, each playing a significant role in shaping the flow dynamics.

One significant source of turbulence is the Kelvin-Helmholtz Instability, which occurs at the interface
between the faster-moving outer layer of the boundary layer and the slower-moving layer near the
surface. The resulting velocity differences create large-scale eddies that contribute significantly to the
overall turbulence. Another source of turbulence is wall roughness; irregularities or roughness on a
surface disrupt the smooth flow of fluid, increasing friction and intensifying turbulence.

Pressure gradients also contribute to turbulence within boundary layers. Variations in pressure along
the surface of a solid object disturb the flow, forcing the fluid to adapt and leading to increased tur-
bulence. Additionally, turbulence present in the incoming flow, known as free stream turbulence, can
amplify the turbulence within the boundary layer. This effect is especially relevant in engineering appli-
cations, where external factors like atmospheric turbulence or ocean currents can significantly influence
flow dynamics.

Distinct from laminar boundary layers, TBLs exhibit unique characteristics, particularly in their stream-
wise mean velocity distribution. This profile arises due to the specific structure of the TBL, where
increased momentum near the wall allows the boundary layer to handle stronger adverse pressure
gradients without separating. However, this also leads to higher wall shear stress, 7,,, which is a major
contributor to drag. Understanding wall shear stress is critical for studying wall-bounded turbulence,
as the average wall shear stress, 7,,, determines the friction velocity, «, and the inner length scale of
turbulent motions, or wall unit, I*, as shown in Equation (2.4).

U, = T andg: 1r=2 (2.4)
V op Ur

A TBL can be divided into several regions, which will be examined in detail in Section 2.2.1.

Turbulent boundary layer regions

In earlier studies, researchers often represented the mean velocity profile in a turbulent channel or
flat plate flow using a 1/nth power law, where n was typically set to 7 (Nieuwstadt, Boersma, and
Westerweel 2016). To further analyze the characteristics of such flows, the TBL is often divided into four
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distinct regions based on equations of motion and physically reasonable closure models (Nieuwstadt,
Boersma, and Westerweel 2016). These regions include the core region, logarithmic layer, buffer layer,
and viscous sublayer. The positions of these layers, relative to each other and the wall, are illustrated
in Figure (2.2).

scaling regions scaling parameters

core region . u.: friction velocity
o e outer region --------4

(wake region) H : geometry scale

7777777777777 overlap region
(inertial sublayer)
buffer layer -+~ inner region --------; {

—— - (wall region)
viscous sublayer

u.: friction velocity
¥o: roughness scale

Figure 2.2: Scaling regions in turbulent wall flow (Nieuwstadt, Boersma, and Westerweel 2016).

The primary scaling regions are the outer layer and the inner layer. In the outer layer, the scaling
parameters are the wall friction velocity, «., and the geometry scale, H, where u, = , /ﬁ. T, Fepresents

the wall shear stress. In the inner region, the scaling parameters are the wall friction velocity, u,, and
the roughness scale, y,. A third scaling region, the inertial sublayer, exists where the inner and outer
regions intersect. This alignment is achieved by introducing wall units, represented by dimensionless
variables: y* and u™, indicating the normalized length and velocity scale, as detailed in Equation (2.5).

yt = yuf and: u' = uﬂ (2.5)

These wall units are used to further segment the scaling regions. Near the wall, we encounter the
viscous sublayer, where turbulent stresses are negligible, and y* = ™. This sublayer holds for y* < 5.
Moving outward, the logarithmic profile dominates for 4™ > 30 until y < 0.24. In this range, the velocity
profile follows a logarithmic pattern, commonly referred to as the 'log-law,” as shown in Equation (2.6).
The intermediate region, known as the buffer layer, is valid for 5 < y™ < 30, where both viscous stress
and turbulent shear stress play significant roles.

Ut = %(ln(y"') +B) (2.6)

To understand how these regions affect TBLs, we now turn to an exploration of coherent structures
within this complex flow setup. These structures, such as vortices and eddies, play a crucial role in
shaping momentum, heat transfer, and turbulent kinetic energy generation in turbulent flows. Inves-
tigating these structures builds on the foundational understanding of TBL regions, helping us unravel
the intricate workings of turbulent flows.

Coherent structures in turbulent boundary layers

Turbulence is often viewed as random and chaotic, but certain structures exhibit organization and per-
sistence over time. These structures, which vary in size from large-scale patterns spanning the entire
boundary layer to smaller formations, are responsible for energy transport and transfer within the bound-
ary layer and contribute to the production of turbulent kinetic energy. In the following sections, we will
examine some of these structures to enhance our understanding of TBLs.

Vortical structures
Vortical structures, such as hairpin vortices—a concept introduced by Theodorsen (1952)—are key
coherent structures in TBLs. Hairpin vortices form during the bursting process, which is visualized in
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Figure (2.3). This process is characterized by localized bursts of intensified turbulence, triggered by the
instability and non-uniformity of turbulent flow. The bursting process includes distinct events: ejection
(Q2) and sweep (Q4). Ejection events involve the upward movement of low-speed fluid from near the
wall towards the outer layer, creating low-speed streaks (discussed further in Section 2.2.1). The legs of
a hairpin vortex align with these low-speed streaks, while the head, with higher vorticity concentration,
lies at a higher wall-normal position and moves faster downstream than its legs. This difference in
speed stretches the vortex. After a hairpin vortex forms, a sweep event often follows, characterized by
the downward movement of faster-moving fluid towards the wall, contributing to overall turbulence and
momentum transfer (Adrian 2007).
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Figure 2.3: Schematic of the turbulent bursting process (Allen 1985).

Low-speed streaks

Low-speed streaks are integral components of TBLs and have been extensively studied in fluid dynam-
ics by researchers such as Kline et al. (1967), Schoppa and Hussain (2002), and Adrian (2007). These
streamwise-oriented regions of decreased flow velocity play a significant role in shaping turbulence
near walls. It is important to distinguish between near-wall low-speed streaks, which are narrower and
shorter, and those in the logarithmic region, which are part of longer, meandering features. Some of
the first visualizations of near-wall low-speed streaks were made by Kline et al. (1967), as shown in
Figure (2.4). These streaks are formed during the bursting process in ejection events, characterized
by the upward movement of low-speed fluid.

Understanding low-speed streaks is crucial due to their connection with wall shear stress distribution.
While studies by Adrian (2007) and Schoppa and Hussain (2002) have provided insights into the charac-
teristics and generation of turbulent structures near the wall, further research is needed to understand
how low-speed streaks influence momentum transfer between near-wall and outer fluid layers.

Low-speed streaks also affect skin friction drag by altering the velocity profile near the surface. As
fluid flows over an object, these streaks modify the distribution of shear stress on the surface. Drag
reduction strategies often target manipulating these streaks. By controlling or altering them, significant
drag reduction can be achieved. Therefore, a comprehensive understanding of low-speed streaks,
especially in different regions of the TBL, is essential for optimizing flow and reducing drag.

Long meandering features

Long meandering features, often referred to as "superstructures,” represent coherent and elongated
structures within TBLs. These features exhibit extended streamwise velocity fluctuations and persist
over large spatial scales. Hutchins and Marusic (20062a) identified a zone where these meandering
features persist, particularly in the logarithmic and lower wake regions of TBLs. These superstructures
can extend beyond 204, where § represents the boundary layer thickness.

These structures play a significant role in turbulent flow dynamics, particularly due to the spanwise
inhomogeneity they introduce. Hutchins and Marusic (2006b) observed that these features are not
only present in laboratory studies but also extend to the atmospheric surface layer (Phillips 2003). The
spanwise variation they introduce creates localized zones of varying velocity, which can significantly
affect downstream flow behavior, especially when interacting with obstacles.
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Figure 2.4: Hydrogen bubble visualization, x-z plane view of low-speed streaks; flow is from top to bottom (Kline et al. 1967).

Ganapathisubramani, Longmire, and Marusic (2003) highlighted that these superstructures contribute
substantially to Reynolds shear stress, particularly in the logarithmic region of the TBL. This shear
stress and associated spanwise inhomogeneity become critical when obstacles are added to the flow.
For instance, when an obstacle is introduced, the pre-existing inhomogeneity due to these features can
interact with the obstacle, leading to complex downstream flow patterns.

J.C. Del Alamo and J. Jiménez (2003) observed similar superstructures in pipe flows, emphasizing
their generality across different turbulent flow configurations. The interaction between these large-scale
structures and obstacles can have significant implications for air injection strategies. The spanwise
inhomogeneity, combined with the disruption caused by an obstacle, may influence the distribution
and effectiveness of air injection downstream, potentially altering drag reduction effectiveness or mix-
ing efficiency. Understanding these long meandering features is essential for optimizing flow control
strategies, such as air injection in TBLs.

2.3. Flow around an obstacle

The effectiveness of gas injection techniques like Bubble Drag Reduction (BDR) and Air Layer Drag
Reduction (ALDR) heavily relies on the stability and maintenance of air and bubble layers within the TBL.
However, the presence of obstacles on a ship’s hull, such as sacrificial anodes, hull fins, or biological
fouling, can significantly disrupt these layers. Understanding the flow dynamics around these obstacles
is crucial for optimizing the application of gas injection techniques in practical marine environments.

This section focuses on the flow around bluff bodies, particularly cylinders, which serve as representa-
tive models for various hull obstacles. These obstacles can alter the TBL and the formation of air or
bubble layers, potentially affecting the overall drag reduction achieved. By examining the phenomena
of flow separation, vortex shedding, and turbulent wakes associated with cylinders, this section aims
to provide insights into how such disruptions occur and how they might be mitigated in the context of
gas injection drag reduction strategies.

In fluid dynamics, the study of flow separation around bluff bodies like cylinders reveals intricate interac-
tions between the fluid and the body it flows around. Unlike streamlined bodies, which are designed to
minimize resistance and drag, bluff bodies have broad, non-streamlined shapes that induce significant
flow separation. As fluid flows over these bodies, a boundary layer forms immediately at the surface,
encountering a high-pressure region at the front and decreasing pressure toward the rear. When the
boundary layer faces an adverse pressure gradient strong enough to overcome the flow’s momentum,
it detaches from the surface, marking the flow separation point (White 2011). This separation creates
a turbulent wake, which is a major source of drag due to the mixing of the turbulent flow with lower
pressure regions compared to the undisturbed flow.

The pressure difference between the front and back of the cylinder generates a drag force that op-
poses the direction of motion. Additionally, the turbulent nature of the wake leads to vortex shedding,
where swirling vortices are alternately shed from either side of the cylinder. The dynamics of this flow
separation are influenced by factors such as the Reynolds number, the cylinder’s shape, and the flow
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conditions. The Strouhal number (St), a dimensionless number describing the frequency of vortex
shedding relative to the cylinder’s characteristic length and the flow velocity, is used to characterize
this phenomenon. The equation for the Strouhal number is given in Equation (2.7), where f; is the
shedding frequency, and D is the cylinder diameter. The Strouhal number helps predict the vortex
shedding frequency and understand flow-induced vibrations.

fsD
= 2.7
St U (2.7)
RGD = PUoo = UOO (28)

The Reynolds number for a cylinder, Rep, can be calculated using Equation (2.8), where D is the
cylinder diameter. The wake and separation pattern are strongly dependent on Rep. At Rep < 5,
no flow separation occurs, and the streamlines differ from those in an inviscid fluid due to viscous
forces that cause them to spread further apart downstream. In the Reynolds number range of 5 — 15 <
Rep < 40, flow separates from the rear of the cylinder, forming a symmetric pair of vortices whose
length increases linearly with the Reynolds number. As Rep increases further (40 < Rep < 150), the
wake becomes unstable, initiating vortex shedding. Initially, one vortex breaks away, followed by the
other, due to nonsymmetric pressure, forming a laminar periodic wake known as the Von Karman vortex
street. Von Karman demonstrated that the vortex pattern in this street follows a specific mathematical
relationship.

In the range of 150 < Rep < 300, periodic irregular disturbances appear in the wake, indicating a
transitional flow that gradually becomes turbulent with increasing Reynolds number. The subcritical
range (300 < Rep < 3 -10°) is characterized by the laminar boundary layer separating at about 80
degrees downstream from the front stagnation point, leading to strong, periodic vortex shedding.

As Rep increases further, the flow enters the critical regime. Here, the laminar boundary layer sepa-
rates on the front side, forming a separation bubble, and reattaches on the cylinder surface. This reat-
tachment is followed by a turbulent boundary layer, moving the separation point to about 140 degrees
downstream, significantly reducing the drag coefficient. For Rep > 6 x 10°, the transition from laminar
to turbulent occurs in a non-separated boundary layer, with the transition point shifting upstream.

The transitional range (3-10° < Rep < 3.5-10°) is marked by three-dimensional effects that disrupt the
regular shedding process and broaden the spectrum of shedding frequencies. In the supercritical range
(Rep > 3.5-10), regular vortex shedding that is narrower re-establishes with a turbulent boundary layer
on the surface (Blevins 1990; ANSYS, 2024). All of this is visualized in Figure (2.5).
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150 < Re < 3x105 mﬁ laminar boundary layer up to the separation point,
HWJ turbulent wake

o
3x10°< Re < 3.5x10° :,//_’ B boundary layer transition to turbulent
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Figure 2.5: Effect of Reynolds number of a cylinder on the separation and wake behind a cylinder (ANSYS, 2024).
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This study involves placing a finite circular cylinder in the TBL mounted on a wall, also called a finite
wall-mounted cylinder (FWMC). In this study, the ratio between the height and the TBL thickness is
h/d < 0.1. Reviewing existing research on this topic is crucial because the flow conditions within a TBL
add further complexities, and these complexities can significantly impact the formation and stability of
air layers used in drag reduction techniques.

2.3.1. Finite wall-mounted cylinder

The flow surrounding a finite wall-mounted cylinder (FWMC) is characterized by complex 3D flow pat-
terns influenced by the interaction between the free end of the cylinder and the bottom wall. These
interactions significantly alter the quasi-periodic Von Karman vortex shedding observed in infinite or 2D
cylinders, making the flow physics around FWMCs more intricate. In this study, the cylinder will be fully
immersed in a TBL where § >> h, which introduces additional complexities that are less prominent in
uniform flow or thin TBL scenarios.

The flow behavior around FWMCs is governed by three main parameters: the Reynolds number (Rep),
the aspect ratio (h/D), and the submergence ratio (h/J). The Reynolds number, already discussed
in Section 2.3, plays a crucial role in determining the wake structure and vortex shedding patterns
around the cylinder. While the general effects of Rep are well-documented for 2D cylinders, FWMCs
experience modifications due to 3D effects. These effects arise from the finite length of the cylinder and
its interaction with the wall and free end, leading to a more complex wake structure than that observed
in 2D cases.

The aspect ratio (h/D) of the cylinder is another critical parameter influencing the wake dynamics.
Prior research has indicated that at certain aspect ratios, the typical Von Karman vortex shedding
pattern is disrupted or inhibited, leading to a transformation in the wake structure. This transformation
occurs at what is known as the ”critical aspect ratio,” a value that varies depending on flow conditions
and the cylinder’s submergence. In the case of FWMCs, the critical aspect ratio is not consistently
identified across studies, with values ranging from A/D = 1 to 7. This inconsistency is largely due to
the submergence ratio (h/4), which plays a pivotal role in influencing the flow around the cylinder but
has not been thoroughly explored in the literature. For this study, where h/D = 0.1 — 0.5, it is assumed
that the aspect ratio is below the critical value, leading to a flow regime characterized by more complex
interactions and modified vortex shedding patterns, as illustrated in Figure (2.6).
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Figure 2.6: Diagram showing the time-averaged flow structure of a circular FWMC with (a) aspect ratio, h/d greater than the
critical value and (b) h/d less than the critical value. (c) lllustration of prominent flow features at the free end of a circular
FWMC. The labels are B; — upper near-wake cross-stream vortex, N, — near-wake base vortex, Hy — secondary horseshoe
vortex, and X, — mean attachment length on the cylinder’s top surface (Essel, Tachie, and Balachandar 2021).

Essel, Tachie, and Balachandar (202 1) conducted experiments at a constant subcritical Reynolds num-
ber of Rep = 5540 and a relative BL thickness of §/d = 8.7. The cylinder’s height was varied to achieve
five different aspect ratios: h/d = 0.7, 1.8, 3.5, 5.3and 7.0 and corresponding submergence ratios that
ranged from 6/h = 1.2—12.4. Essel, Tachie, and Balachandar (2021) stated that this is the first ex-
tensive study to investigate the impacts of a submergence ratio of §/h > 1 on the wake flow around
cylinders with a diverse set of aspect ratios, using time-resolved PIV measurements. Their findings
revealed complex vortex dynamics, particularly in the spanwise plane, where quasi-symmetric vortex
shedding near the free end of the cylinder and antisymmetric vortex shedding, accompanied by the
flapping of the separated shear layers in the lower section of the cylinder, were observed.

These observations provide valuable insights into the flow behavior in the spanwise plane, which is
crucial for understanding the formation and stability of the air layer downstream of the obstacle. The
quasi-symmetric and antisymmetric vortex patterns identified by Essel, Tachie, and Balachandar (2021)
suggest that similar instabilities could influence the distribution and behavior of the air layer in exper-
iments focusing on gas injection drag reduction. Understanding these vortex dynamics is essential
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for predicting how the coherent structures within the TBL, such as low-speed streaks, might interact
with the air layer, thereby affecting its stability and effectiveness in reducing drag. This connection
highlights the significance of investigating these flow structures in the context of air lubrication drag
reduction strategies.

2.4. Gas injection drag reduction

The term gas injection drag reduction encompasses a range of techniques that involve injecting gas,
such as air or other gases, into the BL of a fluid flow to reduce drag. Bubble drag reduction (BDR),
transitional layer drag reduction (TLDR), and air layer drag reduction (ALDR) are specific methods
within this broader category and are depicted in Figure (2.7). The primary goal of gas injection drag
reduction is to alter the dynamics of the BL, thereby reducing friction and minimizing drag force on
an object moving through the fluid, such as water or air. This technique is particularly significant in
applications where minimizing drag is critical, as it can lead to energy savings, increased efficiency,
and improved performance. According to Kim and Moin (2010), Bubble drag reduction could result in
power savings of 2-5% on a net percentage basis, whereas air layer drag reduction could yield savings
of 8-14% (Kim and Steen 2023).
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Figure 2.7: Possible gas injection drag reduction phases. a) Bubble drag reduction. b) Transitional layer drag reduction. c) Air
layer drag reduction (Makiharju, Perlin, and Ceccio 2012).

2.4.1. Bubble Drag Reduction

Bubble Drag Reduction (BDR) involves the injection of gas bubbles into the TBL to reduce skin friction
drag. Unlike Transitional Layer Drag Reduction (TLDR) and Air Layer Drag Reduction (ALDR), BDR
relies on the dispersed phase of gas bubbles within the liquid flow, which interact with the TBL to alter its
structure and dynamics. The effectiveness of BDR is significantly influenced by the size of the bubbles
relative to the turbulent structures within the TBL.

The mechanism of drag reduction in BDR primarily involves the modification of the near-wall turbulent
structures. Smaller bubbles, especially those smaller than 10 wall units (where wall units are defined
as [* = 1), tend to reside within the low-speed streaks of the near-wall region. These microbubbles
can dampen the intensity of turbulence by altering the local viscosity and density, leading to a reduction
in the momentum transfer towards the wall. This contrasts with TLDR, where a transitional air layer
begins to form, leading to changes in the BLs characteristics.

In the case of mesoscopic bubbles, which are comparable in size to the coherent structures in the
TBL, the interaction is more dynamic. These bubbles can deform and oscillate due to the surrounding
turbulent flow, absorbing kinetic energy from the turbulence and releasing it with a time delay. This
energy exchange process reduces the intensity of turbulence, thereby lowering drag. This mechanism
differs from ALDR, where the goal is to create a continuous gas layer that physically separates the
liquid flow from the solid surface, nearly eliminating the interaction with the TBL and achieving higher
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drag reduction efficiency.

Larger bubbles in BDR, which exceed the scale of the turbulent structures but remain smaller than the
BL thickness, introduce high slip velocities between the gas and liquid phases. This slip reduces drag
by decreasing the shear stresses within the TBL. However, the efficacy of BDR is often limited to a
certain downstream length, as the bubbles tend to migrate away from the wall due to the shear forces,
reducing their effectiveness over time. In contrast, ALDR, once established, provides a more stable
and long-lasting drag reduction effect by maintaining a continuous air layer.

The comparison between BDR, TLDR, and ALDR highlights the unique role of bubble size and distri-
bution in determining the effectiveness of drag reduction. While TLDR represents a transitional phase
where bubbles begin to coalesce and form a partial air layer, ALDR achieves a fully developed air layer
that decouples the liquid flow from the surface. BDR leverages the interaction between dispersed gas
bubbles and the turbulent structures within the BL, providing a complementary approach to the other
drag reduction techniques.
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Figure 2.8: a) View of the TBL decomposition. b) Depiction of bubbles creating a two-phase flow and altering the TBL (Murai
2014).

BDR was first examined and studied in the mid 20" century. McCormick and Battacharyya (1973), were
successful in using electrolysis to create hydrogen bubbles on the hull of a fully submerged body to
demonstrate the drag-reducing properties of BDR. To gain a better understanding of BDR, multiple ex-
periments in water tunnels and channels were done in the ’80s and '90s (Madavan, Deutsch, and Merkle
1984, 1985) and (Merkle and Deutsch 1990, 1992). Because BDR showed promise, researchers tried
to find the reason for the decrease in skin friction. Legner (1984) said that an increase in local effective
viscosity due to shear thickening reduces wall shear stress, while Marie (1987) assumed a local reduc-
tion in density was responsible for a lower Reynolds shear stress. These early theories about drag
reduction through microbubbles were challenged and refined by subsequent experimental and numer-
ical studies, which leveraged advanced measurement techniques such as particle image velocimetry
(PIV), laser Doppler velocimetry (LDV), and direct numerical simulations (DNS). For instance, numer-
ical simulations conducted by Xu, Maxey, and Karniadakis (2002) demonstrated that small, spherical
bubbles could sustain drag reduction by reducing the turbulent momentum transfer. The simulations re-
vealed that the presence of microbubbles in the flow leads to a local positive divergence of fluid velocity,
creating a velocity component normal to the wall. This effect displaces the quasi-streamwise vortical
structures away from the wall, thereby increasing the spanwise gaps between low-speed streaks and
reducing their coherence. As a result, the skin friction is reduced significantly. Ferrante and Elghobashi
(2004) further supported these findings, showing that microbubbles can reduce the production of tur-
bulence kinetic energy by shifting the location of peak Reynolds stress production away from the wall,
where the transverse gradient of the mean streamwise velocity is smaller. These mechanisms collec-
tively explain the sustained drag reduction observed in microbubble-laden TBLs, moving beyond the
early theories that lacked such detailed understanding.

Murai (2014) conducted an extensive review on Bubble Drag Reduction (BDR), synthesizing research
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from multiple studies to optimize drag reduction through the use of bubbles. As shown in Figure (2.9),
he classified the data from previous campaigns into four groups based on bubble size: the microbubble
regime, mesoscopic bubble regime, large bubble regime, and the rheological effect regime. This thesis
will focus on the first three regimes, excluding the rheological effect regime.

In the microbubble regime, where bubbles are smaller than the coherent structures in the TBL, further
distinction can be made between bubbles smaller than 10 wall units and those larger than 10 wall units,
with wall units defined as I* = ~. According to Murai (2014), bubbles smaller than 10{* primarily
alter the internal fluid properties of the flow, while larger bubbles have a direct impact on the coherent
structures within the BL, modifying them and thereby influencing drag reduction.

To better understand the interaction between microbubbles and the TBL, it is helpful to examine the
impact of turbulence modulation by spherical particles, which serves as an analog for bubble behavior.
Zhao, Andersson, and Gillissen (2010) and Zhao, Andersson, and Marchioli (2012) explored this phe-
nomenon and found that smaller particles, much like microbubbles, tend to remain within low-speed
streaks, which are key coherent structures contributing to skin friction drag. By altering the dynamics
of these low-speed streaks, microbubbles can effectively modify the coherent structures in the flow,
leading to a reduction in drag. This connection underscores the importance of further investigating how
particles and bubbles influence these critical structures within the TBL.

Building on this understanding, Boris Jacob et al. (2010) conducted experiments to elucidate the mech-
anisms behind drag reduction by microbubbles in a TBL (TBL). Using Particle Image Velocimetry (PIV)
to measure velocity in the wall-normal plane (x-y) beneath a flat plate, they investigated the impact of
microbubbles with a small bulk concentration. Their findings indicated a decrease in momentum flux
within the inner region of the TBL, suggesting that the presence of microbubbles might diminish the
coherence of near-wall structures.
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Figure 2.9: Results of published papers on a two-parameter domain on the experimental success of drag reduction (Murai
2014).

Mesoscopic bubbles, which are bubbles of the same length scale as the coherent structure in the
flow, is the bubble size that appears most during experiments and appears most commonly in bubbly
flow in nature. Kitagawa, Hishida, and Kodama (2005) made bubbles of 500um in a flow of 5. This
is the largest bubble that can exist when not going above the critical Weber number. The Weber
number, We = \/L;i where U is the velocity, o is the surface tension, p is the mass density, and

o pL’

L the characteristic length. If a bubble has a Weber number that is larger than the critical Weber
number, it becomes unstable and can burst into smaller bubbles. Drag reduction by using mesoscopic
bubbles can be contributed due to the deformability of the bubble (Serizawa and Kataoka 1990). In
their research, they found that the deformability of the bubble was an absorber of kinetic energy which
was then released with a time delay. Due to this time delay, the local acceleration of the turbulence was
lessened, which in turn reduced the drag. This was also confirmed by (Lu, Fernandez, and Tryggvason
2005), also stating that non-deforming bubbles increase the drag.
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In the large bubble regime, the bubbles are larger than the coherent structures, but still smaller than
the BL thickness. In this regime, the high slip velocities between the gas phase and the liquid reduce
the drag. This high slip velocity is obtained by seven force components; drag, lift, buoyancy, pressure
gradient, inertia, and history forces (Murai 2014). Guin et al. (1996) implied that the spatially developing
bubbly flow in the TBL characterized the drag reduction. Murai, Fuijii, et al. (2006) and Murai, Oishi,
et al. (2006) also saw that their bubbles oscillated in the wall-normal direction and attributed a decrease
in local turbulent shear stress to this phenomenon.

A study done by Elbing et al. (2008) showed that most of the drag reduction achieved by BDR was
limited to a couple of meters downstream of the injection, which was also found by Sanders et al. (2006).
The latter stated that this could be due to bubble migration, which occurs when the near-wall shear
causes the bubbles to move away from the surface of the plate. The majority of BDR experiments
conducted so far have been at low Reynolds numbers and small scales; the appropriate scaling laws
also remain uncertain. Numerous studies, such as the one by Elbing et al. (2008), have revealed that
ALDR is more efficient in reducing drag. As a result, current drag reduction techniques tend to gravitate
towards ALDR.

2.4.2. Air layer drag reduction

ALDR is similar to BDR, but when a critical volumetric flux of air is achieved, the bubbles coalesce, and
a continuous air layer is formed between a solid surface and the liquid flow. Sanders et al. (2006) found
that at optimal conditions, a nearly continuous gas film had a near-100% skin-friction drag reduction. In
Figure (2.10), it can be seen that once the ALDR was achieved, the drag reduction is also near-100%.
According to Elbing et al. (2008), the critical volumetric flux, q..;+, required to achieve air layer drag
reduction was approximately proportional to the square of the free-stream speed or linearly proportional
to the nominal air-layer thickness, t, = 94 Here U, is the free-stream velocity, @ 4 is the airflow

BUo
rate, B is the injector span, and ¢, is the air layer thickness.

However, this proportionality was not observed in the study by Nikolaidou et al. (2024), which highlights
the influence of different flow characteristics, such as freestream velocity and TBL development length,
on the formation of the air layer. The author’s findings suggest that while increasing the freestream
velocity extended the air layer length, the maximum thickness remained relatively unchanged. Con-
versely, a longer TBL development length resulted in a shorter air layer length, likely due to the de-
crease in local mean velocity as the TBL grew. This discrepancy underscores the need for further
investigation into how TBL conditions influence the stability and effectiveness of ALDR, particularly in
the context of varying upstream flow conditions.
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Figure 2.10: Three regimes of gas injection drag reduction: I, BDR regime; Il, a transitional regime; and Ill, an ALDR regime
with a near-100% drag reduction (Elbing et al. 2008).
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Zverkhovskyi (2014) performed a study on the hydrodynamic properties of air cavities and their potential
for ship drag reduction. In this study, a cavitator was used to gain a more stable air layer at the cost
of disturbing the incoming flow (Figure (2.11)). The amount of drag reduction achieved was dependent
on the cavity length and thickness. The author showed that these parameters were influenced by initial
flow conditions, but he also noted that the gravity wave was the dominant factor in defining the cavity
length. This finding suggests that the maximum cavity length is constrained by the gravity wavelength,
with the cavity tending to break up when wave amplitudes at the free surface closely match the cavity’s
thickness. Although the author observed changes in the BL due to the air cavity, leading to variations in
frictional drag, a comprehensive understanding of their dependence on various parameters still requires
further investigation.
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Figure 2.11: Schematic of Zverkhovskyi (2014) (left) and Anand (2021) (right) injector

Further investigations into the influence of an air cavity on a TBL were conducted by Anand (2021).
His study focused on identifying the shape of the air cavity and examining the development of the
TBL in its vicinity. A slot-type injector was used to inject air under the plate (Figure (2.11)), minimizing
disturbances to the incoming flow and maintaining a canonical BL as much as possible. The author
found similarities between the flow geometry of a TBL below an air cavity and flow over a solid bump,
providing insights into the potential impact of such cavities on the BL.

Nikolaidou et al. (2024) expanded on these findings by studying the effect of different flow characteris-
tics on the air layer, specifically by varying the streamwise development length and freestream velocity.
Using a setup similar to Anand (2021), Nikolaidou investigated the changes in air layer thickness and
length under different TBL conditions. Her results, shown in Figure (2.12), indicated that the maximum
air layer thickness remained consistent across different velocities, while the air layer length varied with
the streamwise development length. These findings underscore the importance of considering the
incoming TBL characteristics in optimizing air layer formation and stability. Given that we know the
incoming flow conditions have a significant impact on the air layer, it becomes equally important to
understand the effects of obstacles on these conditions. This is particularly relevant for the current
research’s focus on the effect of upstream obstacles on air lubrication regimes, as these obstacles can
potentially alter the incoming flow and, consequently, the air layer’s characteristics.
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Figure 2.12: (a) Air cavity length and (b) maximum air layer thickness at different streamwise velocities and streamwise
development lengths (Nikolaidou et al. 2024).

Nikolaidou et al. (2024) expanded on the findings of Anand (2021) by studying the effect of different
flow characteristics on the air layer, specifically by varying the streamwise development length and
freestream velocity. Anand utilized a setup similar to that originally developed by Nikolaidou. In her
study, Nikolaidou investigated the changes in air layer thickness and length under different TBL con-
ditions. Her results, shown in Figure (2.12), indicated that the maximum air layer thickness remained
consistent across different velocities, while the air layer length varied with the streamwise development
length. This highlights the critical influence of incoming TBL characteristics on air layer formation and
stability. Given the significant role that incoming flow conditions play in determining air layer behavior,
it is equally important to understand how obstacles upstream might affect these conditions. Address-
ing this research gap is the primary focus of the current study, which seeks to explore the interaction
between upstream obstacles and the air layer, potentially altering the incoming flow and the resulting
air layer characteristics.

2.5. Research Questions

The maritime industry continuously seeks innovative methods to reduce fuel consumption, with drag
reduction being a primary focus. Gas injection has emerged as a promising technique, forming a lubri-
cating air layer along the hull of marine vessels to minimize frictional resistance. However, achieving
the most effective configuration requires a deeper understanding of the interaction between the gas
layer and possible obstacles that may hinder its effectiveness. This research aims to address this
need by exploring the effect of an upstream finite wall-mounted cylinder (FWMC) on the behavior of
the air layer formed through gas injection.

Previous studies have primarily focused on confirming the drag-reducing effects of gas injection and
identifying optimal setups. While Murai (2014) compiled valuable research data on Bubble Drag Re-
duction (BDR), the literature on Air Layer Drag Reduction (ALDR) by researchers such as Sanders
et al. (2006), Elbing et al. (2008), and Elbing et al. (2013) has largely concentrated on verifying the
phenomenon itself. Anand (2021) and Nikolaidou et al. (2024) explored the impact of gas injection on
the TBL, focusing specifically on the x-y plane.

Direct Numerical Simulations (DNS) conducted by Xu, Maxey, and Karniadakis (2002), Ferrante and
Elghobashi (2004), and Pang, Wei, and Yu (2013) have provided insights into bubble injection in a
TBL. However, DNS’s limitations at high Reynolds numbers and the need for well-defined boundary
conditions make experimental measurements more preferable for practical applications. Given the
potential application of gas injection in high Reynolds number scenarios, this research emphasizes
experimental investigation.

Building on insights from Boris Jacob et al. (2010) and Murai (2014), who highlighted the interaction
between microbubbles and coherent structures leading to drag reduction, previous studies raised ques-
tions about their influence on near-wall turbulence. However, this study does not focus on drag re-
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duction or the interaction between microbubbles and coherent structures. Instead, it concentrates on
the behavior of air layers in the presence of upstream obstacles, particularly within the streamwise-
spanwise plane (x-z), an area where significant research gaps remain.

A significant research gap exists in understanding the impact of upstream obstacles on the air layer
within the streamwise-spanwise plane (x-z). While the x-y plane has been studied, less is known about
the effects in the x-z plane, particularly how obstacles placed upstream affect the formation and stability
of the air layer. The presence of an obstacle can introduce complex flow dynamics and interactions
that are not well-documented. This thesis seeks to fill this void by offering valuable insights into the
interaction between the air layer, the TBL, and upstream obstacles. Additionally, no prior research
has investigated the effect of an upstream finite wall-mounted cylinder on the behavior of the air layer,
making this study novel and essential.

The main research question guiding this thesis is:

”How does the placement and the dimensions of an upstream finite wall-mounted cylinder affect
the formation and characteristics of different gas phases (bubbly, transitional, air layer) in a
turbulent boundary layer?”

The subquestions are:

1. "How do the height and distance of upstream circular cylindrical obstacles from the injector influ-
ence the formation and behavior of the bubbly regime, particularly in terms of bubble morphology
and velocity distributions in a turbulent boundary layer?”

2. "How do the height and distance of upstream circular cylindrical obstacles from the injector affect
the transitional regime, specifically in relation to the stability and structure of the air layer in a
turbulent boundary layer?”

3. "How do the height and distance of upstream circular cylindrical obstacles from the injector impact
the air layer regime, particularly with regard to its length and the formation of breakups near the
injector in a turbulent boundary layer?”

This research will focus on imaging the bubbles and studying the effect of upstream obstacles on these
air layers. Experiments will be conducted at different object heights and distances from the air injector,
as well as at varying free-stream velocities. By analyzing the streamwise-spanwise plane (x-z), this
study aims to provide a comprehensive understanding of the dynamic interactions between the air
layer and the turbulent BL.

Addressing this research gap is crucial for advancing the field of drag reduction, optimizing configura-
tions, and gaining valuable insights into the complex dynamics of gas layer and TBL interactions. By
understanding the interaction between FWMCs and the behavior of the air layer, this research will con-
tribute both to theoretical understanding and practical applications in high Reynolds number situations,
ultimately aiding in the development of more efficient drag reduction techniques for marine vessels and
other engineering applications.



Experimental setup and data
acquisition

In this chapter, the experimental setup, selected flow cases, and data acquisition methodologies used
in this study are presented. The primary objective of this setup is to investigate the effects of upstream
obstacles on air layer formation and stability within a TBL. The experimental setup is designed to sys-
tematically study these effects under varying flow conditions and obstacle configurations.

3.1. Experimental setup

The experimental setup was installed in the water tunnel at the Process and Energy facilities at TU
Delft. The test section of the water tunnel features a 0.6x0.6 m? cross-sectional area and extends
over a length of 5 m. To allow for optical access, the walls of the test section are made from Plexiglas.
Upstream, a contraction accelerates the flow, preceded by a honeycomb structure and multiple screens
to ensure isotropy and minimize the intensity of turbulence, which is less than 1% (tudelft.nl 2004). The
closed-loop water tunnel system operates with a pump to drive the flow, recirculating it through a tube
that runs underneath the tunnel. The pump frequency can be adjusted to control the flow velocity, which
can reach a maximum of 1 m/s.

Figure 3.1: SolidWorks model of the experimental setup. The flow direction is from left to right.
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Figure 3.2: Photograph of the experimental setup at TU Delft, showing the placement of the flat plates and camera mount
within the water tunnel.

As shown in Figure (3.1), the experimental setup consists of three main components: the water tunnel,
two flat plates, and a support structure for the camera mount. The camera mount is designed for
controlled horizontal and vertical adjustments, allowing precise positioning for image capture. The two
flat plates rest on support brackets within the water tunnel, submerged 30 ¢m above the tunnel’s bottom.
This positioning is critical as it allows a fresh BL to develop at the leading edge of the upstream plate,
ensuring that the BL is fully developed by the time it reaches the area of interest (Nikolaidou et al. 2024;
Harleman et al. 2011).

Each plate measures 2 m (length) x 0.58 m (width) with a thickness of 2 ¢m, providing a total length
of 4 m. To ensure the formation of a fully developed TBL, the flow was tripped at a specific location.
Tripping is essential for transitioning the BL from laminar to turbulent, which is necessary for studying
the effects of obstacles on air layer formation. The optimal trip for the free-stream velocities used in
the experiments was determined to be 0.4 mm at a distance of 10 ¢m from the leading edge. The
calculations supporting this choice are presented in Table 3.1.

Tripping the BL was achieved using a triangular shaped strip. The effectiveness of BL tripping depends
on factors like the size, shape, and placement of the tripping devices, as well as flow conditions such
as free-stream velocity and fluid viscosity. Preston (1957) determined that the BL transition occurs at
Reg =~ 100. The value of Rey can be determined using the following equations:

vx

0 =0.664,/ —
U

(3.1)

Usb

14

Reg = (3.2)
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Braslow and Knox (1957) provided an empirical relationship that links the flow conditions within an
undisturbed laminar boundary to the critical roughness height, k.., required to trigger transition. This
relationship is represented by the Reynolds number, Rey, which is based on the trip roughness height
and the flow velocity at the trip height:

_ Uik

Rey, (3.3)
Vi
The velocity at the tripping roughness height, Uy, can be determined using the Blasius solution:
U . Y —0.5 k
Urn=y_f'(n) where: f(n)=r-n and, n=7% (3.4)
Uoo k Rek Reg
(m/s) (mm)
0.94 04 759 204
0.5 848
0.8 1073
0.68 0.4 595 173
0.5 665
0.8 842
0.49 0.4 465 147
0.5 520
0.8 658

Table 3.1: Tripping properties for different velocities and roughness heights.

The tripping distance was determined using Equation (3.2), where Rey was found to be between 147
and 204. The tripping heights and their corresponding Re;, values are listed in Table 3.1. By carefully
managing the tripping process, a fully developed TBL was established, which is crucial for studying
the impact of obstacles on the formation of air layer regimes. This process is foundational to the
experiments conducted in this thesis, ensuring that the BL conditions are appropriate for investigating
gas injection drag reduction techniques.

The slot-type air injector used in this study was modeled after designs utilized by Nikolaidou et al. (2024)
and Anand (2021) due to its minimal intrusiveness on the flow conditions. This injector spans the entire
width of the downstream plate, with a slot measuring 4 mm in width and positioned 3.2 meters from the
plate’s leading edge. To ensure uniform air distribution across the span, the injector was equipped with
three air intake points. Compressed air was pumped into these intakes, increasing the pressure within
a chamber before being delivered perpendicular to the flow. By modifying the free-stream velocity, U,
and the airflow rate, Q.;,., three distinct air regimes could be achieved: bubbly, transitional, and air layer
regimes. Q.;- was manually controlled with a pressure regulator, and flow was measured digitally with
a flow rate meter, as shown in Figure (3.3).
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Figure 3.3: (a) Pressure regulator, (b) flow meter and (c) injector (dimensions in mm, flow goes from right to left) (Nikolaidou
et al. 2024) used in the experiments (rs-online 2024; Corporation, n.d.).

The gas regimes under the flat plate were imaged in the streamwise-spanwise (x-z) plane using a
LaVision Phantom VEO 640L camera. This camera was placed in a down-up configuration and fitted
with a 35 mm lens. The camera has a 2560x1600 pix* sensor and supports a frame rate of up to
1.4 kHz. Two different fields of view (FOV) were used depending on the flow velocities to capture
different aspects of the air layer formation. The specific details of the FOVs used in the experiments
are summarized in Table 3.2 and can be seen in Figure (3.4).

Us Field of View Extents Extents Magnification
(m/s) (mm?) (6) (pz/mm)
0.94 FOV1 365 x 230 6x3.8 7

0.68 FOV1 365 x 230 5.8 x3.65 7

0.49 FOv2 545 x 340 8x5.7 5

Table 3.2: Details of the fields of view (FOV) used in the experiments.

The experimental campaign was designed to systematically investigate the effects of upstream ob-
stacles on the formation of air layer regimes in a TBL. The primary goal of these experiments was
to explore how variations in freestream velocity, obstacle height, and obstacle distance from the air
injector influence the behavior of the gas phases.

3.2. Obstacle variation

The main focus of this experimental study was to examine the effects of upstream obstacles on the
air layer created by gas injection. Cylindrical barriers with a diameter of 1 cm and heights of 1 mm, 3
mm, and 5 mm, referred to as hy, he, and hg respectively, were utilized. These heights were chosen
so that the obstacle does not traverse the estimated log layer. These obstacles were positioned at
various upstream distances from the air injector, specifically -1.5 cm, -3.5 cm, and -5.5 cm, denoted
as Ly, Lo, and L3. For comparison, a control scenario without any obstacle was also included in the
study. lllustrations of the obstacle positions are available in Figure (3.4). The three heights were tested
at the three different locations, resulting in a total of ten distinct cases. The Reynolds number based on
obstacle diameter (Rep) was calculated for each configuration to characterize the flow regimes around
the cylinders and can be found in Table 3.3. An illustration of the experimental setup, including the two
fields of view (FOVs) used for imaging, is presented in Figure (3.4), showing both the side (a) and top
(b) views, with the FOVs clearly marked for clarity, detailed information can be found in Table 3.3.



3.3. Freestream velocity variation 23

Uso Rep L h h/6 ht TBL region
(m/s) (cm) (mm)
0.94, 0.68, 0.49 9400 -1.5 1 0.017 35 Buffer / Log Layer
3 0.050 110 Log Layer
5 0.084 180 Log Layer
0.94, 0.68, 0.49 6800 -3.5 1 0.016 27 Buffer Layer
3 0.048 80 Log Layer
5 0.079 135 Log Layer
0.94, 0.68, 0.49 4900 -5.5 1 0.015 20 Buffer Layer
3 0.044 60 Log Layer
5 0.073 100 Log Layer

Table 3.3: Obstacle properties for different velocities and heights, including Reynolds numbers and their relation to TBL
regions.
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i Camera
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Figure 3.4: Schematic illustration of the experimental setup and the two different FOVs in the x-y plane (a) and x-z plane (b).

3.3. Freestream velocity variation

With the obstacle configurations established, the experiments proceeded by varying the free-stream
velocities to investigate the effect of the obstacles on the different regime formation. The selected
velocities were 0.94 m/s, 0.68 m/s, and 0.49 m/s, covering a range of flow conditions relevant to the
study. The properties of the TBL at each velocity were estimated using the Reynolds number (Re, ) and
boundary layer thickness (§) based on Equation (2.2), as shown in Table 3.4. The wall-normal units,
yT, were calculated using Equation (2.5), where u, = /7, /p. The values in the table represent the
physical length corresponding to 1 y* unit in meters. The Reynolds number based on the momentum
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thickness (Rer = “775) was also calculated for comparison with other studies.

Uso Re, Re., ) yt
(m/s) (m) (m)
0.94 3106 2176 0.060 2.75-107°

0.68 22106 1707 0.063 4.95.107°
0.49 1.6 -106 1374 0.068 3.69-107°

Table 3.4: Estimated BL properties for different free-stream velocities, including Reynolds numbers and BL thickness.

The BL characteristics were calculated utilizing conventional empirical equations and corroborated by
existing studies. It should be highlighted that these values are approximate and may differ in actual
experiments. The TBL development at each velocity was found to be consistent with previous experi-
mental setups, validating the chosen velocities for further investigation (Nikolaidou et al. 2024).

3.4. Regime variation

By varying the free-stream velocity (U, ) and adjusting the air flow rate (Q...-), different air layer regimes
could be achieved.. Three distinct regimes were identified: bubbly flow, transitional flow, and air layer
flow, as detailed in Table 3.5 and Figure (3.5).
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Figure 3.5: Schematic illustration of the experimental setup in the x-y plane, showing the different regimes and the obstacle
positions and sizes.

Uso Qair Air Regime FOV No Images f
(m/s)  (/min) (Hz)
0.94 1.5 1/min Bubbly FOV1 3029 500
0.68 6-96 I/min Bubbly, Transitional, Air Layer FOV1 1500 500
0.49 3-30 I/min Air Layer FOv2 3029 500

Table 3.5: Flow conditions and air regimes captured during the experiments.

By systematically varying the airflow rate and free-stream velocity, as shown in Table 3.5, the study
aimed to document the transition between these regimes and assess the formation of the air layer under
different conditions. The results from these experiments provided insights into the optimal conditions
for achieving and maintaining an air layer in the presence of upstream obstacles.

3.4.1. Bubbly regime
For the bubbly regime, the behavior of air bubbles over a flat plate was investigated under the specific
flow conditions listed in Table 3.5. The particular flow rate, Q,;., was chosen to create a very evenly
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distributed pattern of air bubbles across the entire span of the flat plate.

The initial phase of the experiment involved taking measurements without any obstacles to establish a
baseline for comparison. Following this, the cylindrical obstacles introduced in Section 3.2 were posi-
tioned at specific distances upstream of the air injector, as detailed in Table 3.3. These configurations
were chosen to systematically investigate the impact of obstacle height and placement on bubble dy-
namics. It is important to note that FOV1 does not capture the entire span of the submerged plate,
instead focusing on a specific region where bubble behavior is analyzed.

To capture the dynamics of the bubbles, a cyclic-based imaging approach was used. The images were
taken at a frame rate of 500 H z, with two images captured every one-second cycle, as illustrated in
Figure (3.6). During the course of the experiment, 1514 independent image pairs were collected. By
waiting one second between image pairs, it was ensured that all previously imaged bubbles within FOV1
were replaced by new bubbles, providing independent data for statistical convergence for each image
pair. This methodology allows for a detailed examination of bubble properties and their interactions with
obstacles, providing insights into the influence of different obstacle configurations on bubble distribution
and dynamics.

1s

0 a | |

—

500 Hz

Figure 3.6: lllustration of the cyclic image approach used to capture independent data for statistical analysis.

3.4.2. Transitional regime

In the transitional regime, the same FOV1 was used, but the experimental approach involved system-
atically varying the air flow rate (Q,;,) to capture the different gas phases. At a free-stream velocity
of 0.68 m/s, as shown in Table 3.5, all three different gas phases (bubbly, transitional, and air layer)
could be achieved by altering the air flow rate. The placement of obstacles remained identical to those
used in the bubbly regime experiments. The air flow rate was varied in increments of 6.0 [/min to
provide a detailed examination of the transitions between different gas phases and to study the effects
of obstacles within these regimes.

This incremental variation in flow rate was chosen based on preliminary observations indicating that the
first significant change in regime occurred at 18.0 [ /min, which represents an increase of 12 [ /min from
the initial condition. The smaller increments allowed for a more detailed examination of the transitions
between different gas phases.

To capture the time-dependent nature of the regimes, 1500 continuous images were taken at a frame
rate of 500 Hz. This high-frequency imaging ensured that the dynamic behavior of the bubbles and
their interactions with the obstacles were accurately recorded. However, because these images were
taken at a continuous rate, the data set lacks statistical independence, which limits the robustness of
the statistical analysis compared to the cyclic approach used in the bubbly regime.

3.4.3. Air layer regime

In the air layer regime, a free-stream velocity of 0.49 m /s was used to study the formation and behavior
of a continuous air layer along the surface of a flat plate. For this regime, FOV2 was utilized, as detailed
in Table 3.5, providing a broader spanwise view compared to FOV1. This broader view allowed for a
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more detailed analysis of the air layer’s behavior across the width of the plate. The LED panel was
repositioned to ensure proper illumination of the entire span of FOV2.

As in the other regimes, the initial step was to establish a baseline by taking measurements without
any obstacles to determine the conditions under which a stable air layer would form. It was determined
that at an air flow rate of 3.0 [/min, a stable air layer developed along the surface, which served as the
baseline for subsequent experiments involving obstacles.

In these experiments, the same cylindrical obstacles were used, and their impact on the air layer’s
stability and continuity was observed. The focus was on analyzing the air layer’s length and morphology,
as these are critical factors for drag reduction. The air flow rate was incrementally increased to assess
whether the air layer properties observed in the baseline case could be maintained in the presence of
obstacles.

As with the transitional regime, the lack of statistical independence in the continuous imaging approach
is noted, which may affect the robustness of the statistical analysis. However, the systematic variation
of air flow rate allowed for a thorough examination of the air layer’s response to different flow conditions
and obstacle configurations.

This chapter detailed the experimental setup and methodologies employed to study the effects of up-
stream obstacles on air layer formation and stability in a TBL. The experimental campaign was carefully
designed to investigate how variations in freestream velocity, obstacle height, and obstacle distance
from the air injector influence the behavior of different gas regimes. The next chapter will discuss the
image processing techniques used to analyze the data collected during these experiments, ensuring
accurate interpretation of the observed phenomena.



Image processing

In this section, the image processing techniques used to analyze the data collected during the experi-
mental campaign are discussed. The images were captured using the Davis software, which facilitated
background removal and image binarization at a specified bin level. After preprocessing with Davis,
the images were converted from im7 format to a format readable by MATLAB. Subsequently, the main
MATLAB code was executed to process the images and extract meaningful information.

The image processing was conducted in three distinct phases, each corresponding to a different gas
phase regime: the bubbly regime, the transitional regime, and the air layer regime. Each regime re-
quired a tailored approach to ensure accurate analysis. An overview of the steps involved in the image
processing pipeline is provided, along with an explanation of the MATLAB code used for each regime.

4.1. Overview of Image Processing Steps
The image processing workflow involved several key steps:

1. Background removal and binarization: Using the Davis software, the background of each
image was removed, and the images were binarized at a specified bin level.

2. File conversion: The binarized images, initially saved as im7 files, were converted to a format
readable by MATLAB.

3. Image preprocessing: MATLAB was used to preprocess the images, which included noise re-
moval, closing operations, and filling holes.

4. Data segmentation and analysis: The processed images were segmented, and properties such
as velocities, areas, and diameters were computed and analyzed.

4.2. Bubbly regime

The following steps outline the image processing procedure for the bubbly regime.

To start, each pair of images was preprocessed to eliminate noise and enhance details. The preproces-
slmage function handled noise reduction, morphological closing, and filling in holes. This preparation
was crucial for accurate bubble tracking. Next, bubbles were identified and tracked across consecutive
image pairs using the connectBubbles function. This function assigned labels to bubbles, computed
their centroids, matched them between frames, and determined their velocities. Outliers were filtered
out to ensure the validity of the velocity measurements. Following this, the segmentimage function
segmented the images to calculate the areas and diameters of bubbles. This segmentation was done
to assess the streamwise and spanwise variations, the images were divided into 25 evenly spaced seg-
ments along the z-axis, with each segment corresponding to 0.156. Additionally, the x-axis was divided
into 3 evenly spaced segments, each corresponding to 26 this is illustrated in Figure (4.2), details can
be found in Table 4.1. This segmentation allowed for a detailed analysis of the variations in bubble
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behavior across different regions of the flow field, as can be seen in Figure (4.2).A schematic of the
image processing steps is presented in Figure (4.1).
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Figure 4.2: lllustration of the segmentation of FOV1. Flow goes from left to right

Ultimately, after processing all pairs of images, the combined results were saved into a single MAT-
file for future analysis. This consolidation ensured that all processed data was readily available for



4.3. Transitional air layer regime 30

subsequent evaluation (the relevant code can be found in Appendix A.1).

X1 X2 X3 XA’Ug

x5 0—2 24 1-6 0—6
¢/D  0-12  12-24  24-36  0-36

Table 4.1: Details on the segmentation in the streamwise direction.

4.3. Transitional air layer regime

Within the transitional regime, images were captured at a free-stream velocity of 0.68 m/s. Unlike the
bubbly regime, where image pairs were taken at one-second cyclic intervals, continuous image capture
was employed for the transitional regime to better capture the dynamic changes in the air layer. The
image processing procedure utilized in this regime is detailed as follows.

The preprocessing function, processimage, performs several key tasks, including selecting structuring
elements based on the air flow rate, detecting edges, closing gaps, opening formations, and filling
in holes when required. This preprocessing step is essential to prepare the images for subsequent
analysis by enhancing the distinction between the air layer and the surrounding water.

Following preprocessing, the processAndCombine function merges the processed images. This func-
tion measures the non-wetted area of each processed image, compiles the data into a structured format,
and creates a combined image by averaging the processed frames. This combined image represents
the overall air layer formation across the captured frames.

One notable challenge in image processing is differentiating between the air layer and the surrounding
water, as the air layer often lacks distinct features. However, in this study, the use of a submerged
LED panel close to the plate proved advantageous. The presence of noise in the air layer images,
introduced by the proximity of the LED, actually facilitated the differentiation between the air and water
layers. This noise, contrary to being a hindrance, became a valuable feature, making it easier to identify
the boundaries of the air layer, as illustrated in Figure (4.3).

Ultimately, the processed data and the combined images are stored in MAT-files for future analysis,
ensuring all processed data is consolidated and easily accessible for subsequent assessments (the
relevant code can be found in Appendix A.2).

original final

I cleaned

I closed

Figure 4.3: Image processing steps for the transitional regime.
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4.4. Air layer regime
In the air layer regime, the focus shifted to capturing the continuous air layer formed along the surface
of the flat plate. The image processing steps for this regime are described as follows.

After the initial background removal and binarization steps using Davis, the binarized images were
further processed in MATLAB. The key task in this regime was to accurately detect the edges of the air
layer, which is crucial for understanding its morphology and stability.

The images were binarized at a specific threshold level to distinguish the air layer from the surrounding
fluid. Following binarization, the Canny edge detection algorithm was applied to detect the edges of the
air layer. This method was chosen for its effectiveness in identifying edges in noisy images, ensuring
accurate detection of the air layer boundaries.

After detecting the edges, the air layer’s length and thickness were measured. The processed data
was saved into MAT-files, similar to the previous regimes, for further analysis. This analysis focused
on the stability and continuity of the air layer in the presence of upstream obstacles (the relevant code
can be found in Appendix A.4).

A schematic of the image processing steps for the air layer regime is presented in Figure (4.4).

original binary edges

Figure 4.4: Image processing steps for the air layer regime.

The complete MATLAB code for this procedure can also be found in the appendix. By following these
steps, the MATLAB code effectively processes the images to analyze the behavior of the air layer,
providing valuable insights into its characteristics under varying conditions.



Results & Discussion

This chapter presents both the results and their discussion. The structure of the chapter mirrors that of
the methodology section. The results are organized and analyzed in order of decreasing free stream
velocity. First, the results for a free stream velocity of U, = 0.94 m/s are given.

5.1. Bubbly regime

Using the images captured in FOV1 with the cycle-based approach, bubble outlines were identified
according to the methodology described in Chapter 3. For each bubble, the area, equivalent diameter
(dg), and centroid coordinates (x, y;) were determined at every time step. The streamwise (U;,) and
spanwise (W,,) velocities of the bubbles were then computed by tracking the movement of their centroids
between consecutive time steps.

Specifically, at each time step ¢, the centroid coordinates of the bubbles were recorded. At the subse-
quent time step t+ 1, the centroids were again determined. By comparing the positions of the centroids
att and t + 1, the displacement of each bubble was calculated. The streamwise velocity U, was com-
puted based on the displacement in the x-coordinate, while the spanwise velocity W, was derived from
the displacement in the z-coordinate. This nearest-neighbour approach, used in the code detailed in
Appendix A.1, allowed for an accurate estimation of bubble velocities by tracking their movement frame
by frame.

During the experiments, some obstacle configurations had a clear effect on the bubble trajectories,
which were contained within a spanwise zone of impact. To estimate its extent, the bubble diameters
dp, velocities U, and W,, and bubble counts N, were averaged over the streamwise direction L,

(Ub(z) = Ub(a:,z)) for both the baseline and all obstacle cases, and were also compared with the
corresponding global averages (Figure (5.5a) and Section 5.1.3).

5.1.1. Bubble diameter

The equivalent bubble diameter dg was computed and analyzed across different obstacle configura-
tions to assess the impact of obstacles on bubble size. In Figure (5.1a), the x-axis has been normalized
by J, and the y-axis by the diameter of the cylinder D. The global mean, depicted in Figure (5.1b), re-
veals that some obstacle configurations result in a mean bubble diameter dp reduced by 2% to 15.5%
compared to the no-obstacle case, except for the L1, h3 configuration. Details can be found in the
tables in Appendix.This indicates that the presence of obstacles generally leads to the formation of
smaller bubbles.

Furthermore, the data suggest that the positioning of the obstacle plays an important role: obstacles
placed at greater distances from the injector appear to have a more pronounced effect on reducing dp
than those placed closer. This observation may point to the possibility that the obstacle disrupts the
bubble formation process more effectively when it is positioned further away, potentially due to changes
in the wake dynamics.

32
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However, when examining the bubble diameter across different x-segments in Figure (5.2), no signifi-
cant variation in bubble size is observed downstream. This lack of change suggests that the obstacle’s
influence is primarily concentrated at the point of bubble formation at the injector, rather than affecting
the bubbles as they travel downstream. This could imply that the obstacles alter the initial conditions of
bubble formation, but once the bubbles are formed, their size remains largely consistent as they move
through the flow.
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Figure 5.1: (a) Spanwise variation of the average bubble diameter d(z) and (b) global mean of bubble diameters, normalized
with the obstacle diameter D, for all obstacle configurations.
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illustrates the average of these segments. On the right, the plots present the global averages of these segments and the
overall total average



5.1. Bubbly regime 35

5.1.2. Number of bubbles

The analysis of the bubble count N, was conducted to evaluate the impact of obstacles on bubble dis-
tribution. The spanwise variation, shown in Figure (5.3a), indicates that specific obstacles, particularly
the L1, h2 and h3, and L2, h3 configurations, significantly reduce N, within the central region of the flow
(—0.56 to 0.56). In contrast, other configurations, such as L3, h3 and L2, h2, have a lesser effect, while
the h1 cases appear to have minimal impact on bubble count. It can again be seen that obstacles at a
further distance have the biggest effect on the whole span of FOV1.

Interestingly, the global average bubble count, presented in Figure (5.3b), shows a reduction in N,
across all configurations compared to the no-obstacle case. This reduction seems counterintuitive
when considering the observed decrease in bubble diameter dg (as shown in Figure (5.1b)), as one
might expect that smaller bubbles would result in a higher overall bubble count due to the conservation
of gas volume. However, this expected increase in NV, was not observed, either within or outside FOV1
during the experiments.

The consistent reduction in IV, across all obstacle configurations, coupled with the lack of significant
streamwise variation observed in Figure (5.4), suggests that bubbles are likely being pushed laterally
out of the wake region created by the obstacles. Examining Figure (5.82), it is observed that the peak in
spanwise velocity W, aligns with this finding, indicating that bubbles remaining in this region experience
a higher W, which likely causes them to be pushed laterally outwards.
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Figure 5.3: (a) Spanwise variation of the average bubble count N (z) and (b) global mean of bubble counts for all obstacle
configurations.
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5.1.3. Bubble velocity
The streamwise velocity U, and spanwise velocity W, of the bubbles were determined and normalized
by the free stream velocity U.

Streamwise velocity

The global average of the streamwise bubble velocity U,, shown in Section 5.1.3, indicates no sig-
nificant variation across different obstacle configurations, although it reduces by up to 2.8% from the
no-obstacle case. However, when examining the spanwise variation U, (z) in Figure (5.5a), a distinct
pattern emerges for certain configurations (L3, h3; L2, h3; and L1, h3). In these cases, U,(z) decreases
around (—0.56 and 0.59), reaching a minimum at (—0.255 and 0.256) with a decrease of up to 7% from
its baseline value, before increasing to its maximum at approximately 0.054, where it rises up to 7.5%
above the baseline. Details of this can be found in Appendix B. This behavior suggests that the height of
the obstacles has a substantial impact on U,, with taller obstacles and those placed further downstream
from the injector having the most pronounced effect.
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Figure 5.5: (a) Spanwise variation of the average bubble streamwise velocity U, (z) and (b) global mean of bubble velocities,
normalized with U, = 0.94 ms~1 for all obstacle configurations. (c) and (d) are zoomed in on the area with the most
fluctuations.

To explore this phenomenon in more detail, zoomed-in plots were generated (Figure (5.5c) and Fig-
ure (5.5d)). These plots reveal that the observed velocity drop is not symmetrically centered around 0.
It can be seen in Figure (5.7) that the peak is centered between z/§ = 0 and z/§ = 0.25 implying that the
obstacle may not have been perfectly centered in the flow. Additionally, the region where this decrease
and subsequent increase in velocity occurs coincides with areas where the bubble count N, (z) is low,
making it challenging to perform accurate calculations. Despite this limitation, this velocity pattern was
also observed in the video recordings of the experiments, suggesting a genuine physical phenomenon.

Interestingly, this behavior is somewhat unexpected, as one would typically anticipate a decrease in
velocity within the wake region behind a cylinder. The absence of significant streamwise variation, as
shown in Figure (5.6) and Figure (5.7), further supports the idea that the impact of the obstacles is highly
localized, affecting the bubbles primarily within the spanwise plane. This suggests that the obstacles
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create complex flow dynamics that influence the bubble velocity in a more nuanced way than initially
expected.
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Spanwise velocity

The spanwise velocity W;, was analyzed to understand how it is influenced by the presence of obsta-
cles. As shown in Figure (5.8b), the global mean W, is slightly negative, which could suggest a slight
misalignment of the plate in the water tunnel.

The spanwise variation in W, (2), illustrated in Figure (5.8a), reveals that certain obstacle configurations
(L1,h3; L1,h2; and L2, h3) have a noticeable impact on W, particularly around —0.56 and 0.56. This
pattern suggests that the bubbles are being pushed laterally out of the wake region created by the
obstacles, which aligns with the trends observed in the bubble count N, analysis.

However, it's important to note that in the regions where these changes in W, (z) are most pronounced,
the bubble count N, (z) is relatively low, which limits the precision of the velocity calculations in these
areas. Despite this limitation, the observed shifts in spanwise velocity were consistently captured in the
video footage of the experiments. This increase in W, (z) likely contributes to the lateral displacement
of bubbles, pushing them out of the wake region created by the obstacles. This displacement, in turn,
reduces the local bubble count, N,(z), indicating a direct link between the spanwise velocity and the
observed reduction in bubbles within these regions.
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Figure 5.8: (a) Spanwise variation of the average bubble spanwise velocity 1 (z) and (b) global mean of bubble velocities,
normalized with U, = 0.94 ms—1 for all obstacle configurations.

5.1.4. Discussion

The results from the bubbly regime experiments reveal complex interactions between the flow dynamics
and obstacle configurations, which align with and extend the insights gained from the literature. The
reduction in equivalent bubble diameter d 3 observed across nearly all obstacle configurations suggests
that the obstacles are disrupting the initial bubble formation process at the injector. This phenomenon is
consistent with findings from previous studies, such as those by Serizawa and Kataoka (1990) and Xu,
Maxey, and Karniadakis (2002), which highlight the sensitivity of bubble size to upstream flow conditions
and disturbances. Smaller bubble sizes, as observed in most configurations, can be attributed to the
enhanced mixing and shear induced by the obstacles, which fragment larger bubbles into smaller ones
(Xu, Maxey, and Karniadakis 2002; Pang, Wei, and Yu 2013) .

Interestingly, the L1, h3 configuration, which results in a slightly larger dg compared to other configura-
tions, points to the nuanced role that obstacle height and positioning play. This suggests that specific
configurations might stabilize certain flow structures, allowing larger bubbles to persist despite the gen-
eral trend of bubble size reduction. This outcome reflects the complexity of flow-structure interactions
highlighted in the literature, where the interplay between flow stability and turbulence intensity can lead
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to varied outcomes depending on the exact experimental setup (Sumner, Heseltine, and Dansereau
2004; Zdravkovich 1997).

The analysis of bubble count N, offers further insights into these interactions. The observed reduction
in N,(z) across all obstacle configurations, particularly within the central region of the flow (—0.54 to
0.59), suggests that obstacles not only reduce bubble size but also displace bubbles laterally. This
displacement could be linked to the wake dynamics of the obstacles, which push bubbles out of the
central flow region, as observed in the spanwise velocity W, (z) results. The literature supports this in-
terpretation, with studies showing that wakes behind bluff bodies can significantly alter downstream flow
structures and transport phenomena, including bubble trajectories (Sumner, Heseltine, and Dansereau
2004; Porteous, Moreau, and Doolan 2014) .

The recurring impact zone at —0.56 and 0.56, evident in both the U,(z) and W, (z) results, points to a
consistent region of influence where the obstacles most strongly affect bubble dynamics. The spanwise
variation in U,(z) and W, (z), particularly the unexpected patterns observed in specific configurations
(such as L3, h3; L2,h3; and L1, h3), underscores the importance of obstacle aspect ratio 4/D, and
positioning. The observed decrease in U,(z) followed by a localized increase suggests that these
obstacles may be introducing secondary flow structures or altering the primary wake in a way that
accelerates bubbles in specific regions.

The lack of significant streamwise variation in both U, (%) and W;(z) suggests that the effects of the
obstacles are consistent along the streamwise direction but remain confined to specific spanwise zones.
This implies that while the bubble motion is predominantly influenced laterally, the streamwise effects
do not disappear; rather, they remain spatially constrained within these zones. The observed patterns
across all streamwise locations indicate that bubbles do not revert to baseline behavior, supporting the
persistence of the lateral flow structures generated by the obstacles. Despite some limitations in the
low bubble count N, (z) in regions of significant velocity change, the consistent trends observed across
different datasets confirm the robustness of these spanwise-dominated structures.

In summary, the interaction between obstacles and bubble dynamics in the bubbly regime is complex
and multifaceted, with significant implications for drag reduction strategies using gas injection. The find-
ings highlight the critical role of obstacle configuration in shaping flow dynamics and bubble behavior,
with consistent patterns emerging in specific regions of the flow. These results extend the existing body
of literature by providing detailed insights into how upstream modifications can influence downstream
flow structures and bubble dynamics, offering new avenues for optimizing flow control techniques in
turbulent boundary layers.

5.2. Transitional regime
In the transitional regime, images were captured continuously in FOV1, allowing for detailed observation
of air distribution within the flow. The regions containing air were identified using the methodology

described in Chapter 3. The mean non-wetted area, A,.,, was determined for both the baseline and
the various obstacle configurations.

Contours were generated to visualize the probability of air presence within the flow. Certain obstacle
configurations were observed to have a noticeable impact within a specific zone, referred to as the
zone of impact. This zone of impact was analyzed by measuring its extent and examining its variation
along the streamwise direction.

5.2.1. Non-wetted area

The transitional regime was explored by analyzing how the non-wetted area (Any) evolves with varying
air flow rates (Q4ir) across different obstacle configurations. In Figure (5.9), the behavior of A,,, reveals
three distinct phases. Initially, for air flow rates between Q = 6.0 and 121/min, the system remains in
the bubbly regime, characterized by smaller and more dispersed air pockets. As the air flow increases,
a sharp rise in the non-wetted area occurs, signaling the onset of the transitional regime, which spans
air flow rates from @ = 18 to 36 I/min.

During this transitional phase, it is interesting to note that the differences in A, between the "No
obstacle” and obstacle configurations are relatively minor. This suggests that the initial stages of air flow
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increase lead to a more uniform distribution of air within the flow, regardless of the presence of obstacles.
However, at Q = 361/min, a sudden rise in A, is observed for the obstacle configurations, followed
by a plateau. This behavior indicates the onset of the air layer regime for these cases, suggesting that
the obstacles cause the air layer to stabilize more quickly.
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Figure 5.9: Mean non-wetted area (Anw) as a function of air flow rate (Qi;) for various obstacle configurations.

In contrast, the baseline scenario without any obstacles shows a different pattern. While Ay, continues
to increase steadily beyond @ = 36 1/min, it does not plateau until reaching @ = 721/min. This suggests
that for the no-obstacle case, the air layer regime begins later, requiring a higher air flow rate to fully
establish. This plateau effect, which occurs earlier in the presence of obstacles, can be attributed to the
way these obstacles influence the flow dynamics, potentially disrupting the uniform distribution of air
and leading to a more rapid stabilization of the non-wetted area. It's important to clarify that when Ay
approaches 100%, this does not indicate complete coverage of the plate, but rather that the observed
field of view (FOV) is fully covered by air pockets. This distinction is crucial for understanding the
limitations of the measurement and the extent to which air coverage is achieved within the observed
area.

Overall, the transition from the bubbly to the transitional regime highlights the complex interplay be-
tween air flow rate, obstacle configuration, and the resulting distribution of air within the flow. The
sudden rise and subsequent plateau in A, at different air flow rates for the obstacle and no-obstacle
cases provide key insights into the onset of the air layer regime, demonstrating how these factors
combine to influence the efficiency and stability of air layer formation under varying conditions.

The contours in Figure (5.11) show that for certain configurations (L1,22 and h3, and L2, h3), the
obstacle has a major impact, resulting in an area where there is no air present. This is visible across all
Qair values, where blue indicates no air and yellow indicates a high probability of air presence. Other
obstacle configurations seem to have less of an effect on the probability of air being present, which is
more visible at higher air flow rates, especially in the L2, h2 case. The shape of the region where no air
is visible is consistent across the obstacles (L1, h3 and h2, and L2, h3). This shape resembles a funnel,
starting narrow and widening suddenly at a certain streamwise distance before stabilizing again.

This pattern suggests that the proximity of the obstacle to the injector, as well as the height of the
obstacle, significantly influences the formation of the non-wetted area, which is critical for optimizing
drag reduction. As discussed by Elbing et al. (2008), a more stable and uniform air layer is essential
for minimizing skin friction drag, particularly in the transitional and air layer regimes. Obstacles that
disrupt the uniformity of the air layer can lead to increased drag by creating areas where the air layer
is incomplete or unstable, thus reducing the overall effectiveness of the drag reduction technique. For
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instance, obstacles placed closer to the injector (1) with greater heights (h3) appear to have the most
pronounced effect, indicating that these factors may amplify the wake effects and alter the distribution of
air more significantly than other configurations. Conversely, the smallest obstacle (h1) seems to have
minimal impact on the non-wetted area, regardless of its position, except at the closest and farthest
distances, where it still contributes to higher non-wetted areas at lower flow rates.
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Figure 5.10: Contours of the mean non-wetted area (Any) for air flow rates Qir = 12.01/min (a), Qair = 18.01/min (b),
Qair = 36.01/min (C), Qair = 42.01/min (d), Q4r = 66.01/min (e) and Q4 = 72.01/min (f) across different obstacle configurations.
The color scale indicates the probability of air presence within the flow field.
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Figure 5.11: Contours of the mean non-wetted area (Any) for air flow rates Qi = 12.01/min (a), Qi = 18.0l/min (b),

Qair = 36.01/min (c), Qqir = 42.01/min (d), Qqir = 66.01/min (e) and Q4 = 72.0I/min (f) across different obstacle configurations.
The color scale indicates the probability of air presence within the flow field. Thresholded at Ay = 0.7.
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To further investigate the phenomenon of funnel formation in the non-wetted region, a methodical ap-
proach was employed. First, a threshold was applied to the contours to clearly define the edges of the
no-air zone. A threshold value of 0.7 was selected, as it provided a consistent and accurate depiction
of the region. Importantly, this threshold was chosen because no significant changes were observed
when slightly increasing or decreasing it, indicating that the identification of the funnel edges was rela-
tively stable across different threshold values.
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Figure 5.12: Detection of the ZOIl edges and identification of the funnel start for configuration L2, h3 at Qi = 66.01/min.
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Figure 5.13: Raw image with depiction of Funnel Start, = s, ne; (Figure (5.14a)) and zgqp (Figure (5.14b) Figure (5.14c)).

Following the thresholding, the edges of the non-wetted region were detected, focusing on the upper
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edge z,(x) and the lower edge z;(z) of the air opening. These edges were smoothed using a mov-
ing average with a window size of 50 columns to minimize noise and enhance accuracy. The code
implementation for this method is detailed in Appendix A.3.

The cumulative derivative method was then employed to pinpoint the exact location where the funnel
begins to widen. This method involves calculating the cumulative trend S(z) over a specified window
of columns w:

r+w

Su@) = 3 (zuli) = 2l — 1))

1=Tr—w

rt+w

Siz)= Y (a(i) —ai-1)

t=r—w

A significant downward trend in S, (z) or an upward trend in S;(z) signals the onset of the funnel widen-
ing. The funnel start is marked when the cumulative deviation S(x) exceeds a threshold of 2.4, indicat-
ing a notable shift in the edge positions.

With this stable threshold, the start of the funnel was consistently identified at approximately z = 36, with
only minor variations observed across different configurations and flow rates. Subsequently, the width
of the no-air region was analyzed at specific streamwise positions, namely z = § and = = 54, to assess
how the presence of obstacles influenced air distribution further downstream. At x = ¢, the width of
the non-wetted area was observed to be fairly consistent, aligning with the impact zone identified in the
bubbly regime, spanning from —0.56 to 0.59, or approximately 16 in width. As the air flow rate increased,
a slight decrease in this width was noted. At = = 56, the gap widened, centering between 1.5 and 24.
While the differences between obstacle configurations were minor, a subtle decrease in width was still
discernible.
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Figure 5.14: (a) Streamwise position of the funnel start z,nnei /3 @s a function of air flow rate Q4 for configurations L1, h2;
L1, h3; and L2, h2. Spanwise gap zgap/¢ between the upper and lower ZOI edges at /6 = 1 (b) and (¢) /6 = 5 as a function
of air flow rate Qg for configurations L1, h2; L1, h3; and L2, h2.

The observations from the transitional regime suggest that the wake region of the cylinder likely has
a significant impact on the behavior of the non-wetted area. However, quantifying this impact is chal-
lenging without access to velocity fields, which were not available in this study. It is hypothesized that
the wake region has the most substantial effect on the flow dynamics and, consequently, on the air dis-
tribution. The analysis also reveals that the closer the obstacle is to the injector, the greater its impact
on the non-wetted area. The obstacle height also plays a crucial role, with taller obstacles (k3 and h2)
closer to the injector (L1) having the most pronounced effects. In contrast, the smallest obstacle (h1)
shows minimal impact on the non-wetted area, except at the closest and farthest distances, where it
contributes to higher non-wetted areas at lower flow rates.
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The funnel-shaped region where no air is present appears across specific obstacle configurations, indi-
cating that while the obstacles do influence the formation of this region, their impact is not consistently
distinguishable across all cases. This suggests that the effect of obstacles on air layer stability and
distribution is highly dependent on obstacle geometry, particularly height and proximity to the injector.
The observed widening of the shedding region near taller obstacles indicates that these obstacles can
disrupt the local flow dynamics, leading to instability in the air layer in certain areas. This instability
could reduce the effectiveness of drag reduction, as the air layer becomes less uniform or fails to form
completely.

While the results indicate that taller obstacles have a greater impact, they also suggest that there may
be a critical obstacle height above which the air layer is significantly affected. Determining this critical
height is essential for optimizing obstacle design to minimize disruption to the air layer and maintain
efficient drag reduction. However, further research is needed to confirm the existence of such a critical
height and to identify its precise value.

5.3. Air Layer Regime

In the air layer regime, images captured from FOV2 were utilized to assess the length of the air layer and
observe a breakup close to the injector across various obstacle configurations. The analysis focused
on quantifying the extent of the air layer in the presence of different obstacles and determining whether
a Zone of Impact (ZOl), similar to that observed in the bubbly regime and transitional regime, was
present. The methodology described in Chapter 3 was employed to accurately identify and measure
the air layer. Additional analysis was conducted to explore any potential ZOI within this regime.

In Figure (5.15a), the detected edge of the air layer is shown. Due to uneven illumination across FOV2,
a transition from white to black caused a data gap, as visible in Figure (5.16a). This gap results from
the lighting conditions and is not indicative of any physical occurrence.

(a) (b)

Figure 5.15: (a) Detected edge of the air layer. The sudden change from white to black is due to uneven illumination, resulting
in unusable data in the affected region. Width and length have been illustrated from Figure (5.16a).(b) Visualisation of a
breakup close to the injector.

Upon closer inspection, the detected edges do not show significant variation in length, except on the
right side, where a discrepancy may be attributed to the quality of the images. The primary focus,
however, is on the width of the shedding region, which is defined as the distance between the gap. To
quantify the extent of the gap caused by uneven illumination, a bar plot was generated to display the
distance between the detected edges, as shown in Figure (5.16b). This plot highlights the width of
the gap and demonstrates how this distance varies across different experimental conditions. Although
some variation is observed, there is no consistent trend linking the obstacle height and distance to the
gap width.
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Figure 5.16: (a) Overlay of the detected edges. The gap visible in the overlay corresponds to the region where data was
removed due to the illumination issue. and (b) distance of the gap between the detected edges for different obstacles.

The comparison of the measured air layer length with theoretical and experimental results from the
literature is shown in Figure (5.17). The data is compared to the dispersion relation for deep water
using the half-gravity wavelength from Butuzov (1966). Additionally, the experimental findings from
Nikolaidou et al. (2024), Qin et al. (2019), and Zverkhovskyi (2014) are included. The plot shows
how the measured air layer lengths align with these well-established models and experimental data,
providing further validation for the observed phenomena.
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Figure 5.17: Comparison of the measured air layer length with the deep water dispersion relation (Butuzov 1966) and
experimental data from Nikolaidou et al. (2024), Qin et al. (2019), and Zverkhovskyi (2014).

The consistency of the air layer formation and its susceptibility to breakups close to the injector was
further investigated across different configurations, as shown in Table 5.1. The occurrence of breakups
close to the injector in the air layer at various injector distances and heights under different air inlet
flow rates (Q4ir) Was recorded, with red cells indicating a breakup close to the injector and green cells
indicating stable air layers.

The results from the air layer regime indicate that while the presence of obstacles introduces localized
instability, particularly in a small region near the injector, it does not significantly impact the overall
length of the air layer. Across different configurations, the air layer remains consistent in length, even
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Distance
from Height Air inlet flow rate, Q;- (I/min)
injector
3.0 20.0 25.0 30.0
No obstacle | No obstacle
h1
L1 h2 6 5
h3 5 3 2
h1
L2 h2 5
h3 3 3 /
h1
L3 h2 / /
h3 / /
No Breakup
Breakup

Table 5.1: breakup close to the injector occurrence of the air layer at various injector distances and heights under different air
inlet flow rates (Q.;-). Red indicates breakup, green indicates no breakup, and dashes (/') represent cases where the
breakups close to the injector were observed visually.

in the presence of obstacles.

However, the obstacles do have a notable impact on the width of the shedding region within the air
layer, as illustrated by the bar plot in Figure (5.16b). This widening of the shedding region, suggests
that while the overall length of the air layer is maintained, the stability of the air layer in specific regions
is affected by the presence of these obstacles. The breakups close to the injector observed in these
areas are likely due to the influence of the obstacles on the local flow dynamics.

The comparison of the measured air layer length with theoretical models and previous experimental
data from Qin et al. (2019) and Zverkhovskyi (2014) further supports the finding that the air layer length
aligns well with the deep water dispersion relation, as proposed by Butuzov (1966). This consistency
indicates that, despite the localized instabilities caused by the obstacles, the overall formation and
length of the air layer are in agreement with established theoretical and experimental frameworks.

5.4. Discussion

The experimental results across the bubbly, transitional, and air layer regimes provide a comprehensive
view of how different upstream obstacle configurations and flow conditions impact the formation and
stability of the air layer in a turbulent boundary layer (TBL). This study systematically explores the
influence of obstacle height and distance from the injector, which significantly affects flow behavior,
particularly in the bubbly and transitional regimes. Such systematic investigation is unique, as no other
studies have explored these variables in this level of detail, particularly in the context of air lubrication
and drag reduction.

In the bubbly regime, an unexpected local peak in the streamwise velocity was observed at the center
of the field of view (FOV). This peak, which was anticipated to decrease due to the expected wake
effects of the cylinder, instead remained prominent. The zone of influence (ZOl) for this peak spanned
approximately from —0.54 to 0.54, or —3D to 3D, indicating a complex interaction between the obstacle
wake and the bubbly flow. This localized increase in velocity, particularly for configurations where
obstacles were placed at L1 and L2 with heights A2 and h3, suggests that the obstacle wake may be
enhancing local flow dynamics in a way that could influence drag reduction strategies. The findings
highlight that, in certain configurations, the bubbly flow can lead to unexpected increases in velocity.

To better understand these observations, it is helpful to compare them with established knowledge
of wake behavior behind cylindrical bodies within a turbulent boundary layer (TBL). Cylindrical obsta-
cles typically generate wakes characterized by flow separation and vortex shedding, which lead to
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unsteady flow conditions downstream. These wakes create localized regions of high turbulence and
flow instabilities, disrupting the formation of a stable air layer. Given the challenge of finding directly
comparable data for such large downstream distances, the study by Tan and Longmire (2017) offers
valuable insights. They examined the recovery of vortex packet organization in turbulent boundary
layers perturbed by cylindrical arrays with a height of H = 0.2§, under Reynolds number conditions of
Rep = 3225 and Re, = 2500, which are closely aligned with those in this study.

As shown in Figure (5.18), the velocity field varies significantly at different wall-normal positions (:™ =
125, 2+ = 300, and > = 500). For this study, the camera focused on bubbles approximately 0.5-1 cm
thick, corresponding to the range 1804+ — 360h™. The figure highlights a region behind the cylinder
where a higher-velocity zone is observed, potentially explaining the peak in streamwise velocity. This
peak is surrounded by a velocity deficit, accounting for the observed minima in velocity. This higher-
velocity zone occurred when the obstacle height was H = 0.2. However, on the right side of the figure,
where H = 1, there is a noticeable velocity decrease behind the cylinder. Tan and Longmire (2017)
attribute these high-velocity zones to tip structures, which draw faster-moving fluid downward toward
the wall. Confirming this effect with particle image velocimetry (PIV) measurements would be essential
to fully comprehend the implications for air lubrication and hull smoothness.
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Figure 5.18: Mean streamwise velocity downstream of flow perturbed by H = 0.2 (a) and (b) array at (c) 2+ = 125, (d)
2t =300, and (f) 2t = 500.

During the experiments, an obstacle with a height of 8 mm at a distance of 1D was also tested. It was
observed that the morphology of the bubbles changed significantly. Instead of being evenly distributed,
the bubbles coalesced into a large bubble that attached itself to the obstacle upstream of the injector
Figure (5.19). This behavior could be attributed to the lower velocity behind the obstacle, as illustrated in
Figure (5.18). Further research is necessary to investigate this phenomenon and confirm the underlying
mechanisms.



5.4. Discussion 59

JURERMR <

Figure 5.19: RAW image of coalesced bubble attached to upstream obstacle of 8 mm at -1D from the injector.

In the transitional regime, the most significant observation was the formation of a funnel-shaped re-
gion for specific obstacle configurations, namely L1 k3 and h2, and L2 h3. This region, where no air
was present, extended from approximately —0.54 to 0.54 in the spanwise direction, mirroring the ZOI
observed in the bubbly regime. The presence of these funnel-shaped regions across different obsta-
cle configurations indicates a highly sensitive interaction between the wake generated by the obstacle
and the air layer, which may have implications for the uniformity of air lubrication and, consequently,
drag reduction. The ability to predict and control these interactions could be crucial for optimizing air
lubrication systems.

For the funnel shape, vorticity fields provide additional insights. Although flow fields at this distance
were not available, examining vorticity at around 25D downstream shows that the dipoles reach a
width of approximately 7.5D, as shown in Figure (5.20). Given the instantaneous nature of this image,
predicting the mean behavior is challenging, but the observed funnel width of around 7.5D at similar
distances suggests a correlation.
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Figure 5.20: Vorticity distribution in the wake of a cylinder at Rep = 10000 (Rossi, Colagrossi, and Le Touzé 2017).

The air layer regime presents a more challenging scenario for analysis due to imperfections in the data.
However, it is clear that obstacles did not significantly alter the length of the air layer, though some
instability was noted in specific regions. The interaction between the wake and the air layer appears to
be less pronounced than in the bubbly and transitional regimes, possibly due to the more continuous
nature of the air layer itself. The findings align with previous studies that indicated a strong correlation
with the deep water dispersion relation for the half-gravity wavelength. Further investigation is needed
to fully understand these dynamics, especially considering the potential influence of the wake on the
air layer’s stability and its implications for drag reduction.
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In conclusion, this experimental study has provided valuable insights into the influence of upstream
obstacles on air layer formation across different regimes in a TBL. The results highlight the complex
interactions between the wake generated by obstacles and the air layer, particularly in the bubbly and
transitional regimes. While some of these interactions are well-understood, such as the velocity peak
in the bubbly regime and the funnel shape in the transitional regime, others require further exploration,
especially in the context of the air layer regime. Notably, this study is one of the first to systematically
investigate these factors, emphasizing the need for future research that integrates velocity measure-
ments and explores different obstacle geometries. Such work will be crucial for refining the application
of gas injection drag reduction techniques in real-world marine environments, ultimately more efficient
drag reduction strategies.



Conclusion & Recommendations

6.1. Conclusion

This study explored the effects of upstream finite wall-mounted cylinders (FWMCs) on the formation
and stability of different gas phases—bubbly, transitional, and air layer—within a turbulent boundary
layer (TBL). The research aimed to better understand how the placement and dimensions of these
obstacles influence the effectiveness of gas injection drag reduction techniques, which are critical for
reducing hydrodynamic drag in marine applications. Through a series of controlled experiments, the
study varied obstacle heights, distances from the air injector, and free-stream velocities to investigate
their impact on gas phase formation and stability.

The primary research question guiding this investigation was: How does the placement and the
dimensions of upstream circular cylindrical obstacles affect the formation and characteristics of
different gas phases (bubbly, transitional, air layer) in a turbulent boundary layer? This question
was addressed through a series of experiments that varied the height of the obstacles, their distance
from the air injector, and the free-stream velocity. The findings have led to several key conclusions:

First, in the bubbly regime, it was observed that the presence of obstacles had a significant impact on
the flow dynamics, particularly in the formation of local velocity peaks within the flow field. These peaks,
observed in certain configurations, are hypothesized to result from the complex interactions between
the obstacle-induced wake and the surrounding bubble-laden flow. The zone of influence (ZOl) for
these velocity peaks was found to span approximately from —0.50 to 0.50, indicating that the obstacles
not only affect the local flow but also influence the overall distribution of bubbles within this region. This
finding partially addresses the first subquestion, suggesting that obstacle height plays a crucial role in
altering the bubbly flow characteristics.

In the transitional regime, the formation of funnel-shaped regions where air was absent provided further
insights into the influence of upstream obstacles. These regions were observed to span similar ZOI
ranges as in the bubbly regime, with specific obstacle configurations leading to the most pronounced
funnel formations. The analysis of these regions highlighted the sensitivity of the transitional flow to
obstacle placement, with the funnel’'s formation being directly linked to the interaction between the
obstacle wake and the developing air layer. This finding supports the idea that both the height and
distance of the obstacles from the injector are critical in determining the stability and extent of the air
layer during the transition from a bubbly to an air layer regime.

For the air layer regime, the results were less definitive due to data imperfections. However, it was
clear that while obstacles did not significantly alter the length of the air layer, they did influence its
stability, particularly in regions close to the obstacles. The stability issues observed suggest that while
a continuous air layer can be maintained, its integrity is susceptible to disruptions caused by upstream
wakes, especially in the case of taller obstacles. This observation further answers the first and second
subquestions, indicating that obstacle height and placement can affect the formation and maintenance
of a stable air layer, though the effects are more subtle compared to the other regimes.
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The comparative analysis with the wake of a cylindrical obstacle in a TBL revealed that the behaviors
observed in the bubbly and transitional regimes align with known wake dynamics. Specifically, the
ZOI and the funnel width correlated with the expected wake effects at similar Rep, indicating that the
obstacle wakes are likely driving the observed flow disruptions. This analysis highlights the importance
of considering wake-induced instabilities when designing gas injection systems for drag reduction.

6.2. Recommendations for future research

Velocity measurements

Future research should integrate velocity measurements, such as Particle Image Velocimetry (PIV), to
provide a more detailed understanding of the flow dynamics around obstacles. These measurements
would help in quantifying the wake effects and their impact on the air layer, particularly in the transitional
and air layer regimes. It is also essential to ensure accurate free-stream velocity measurements in
future experiments to eliminate potential discrepancies.

Wider field of view

The current experimental setup was limited by the field of view, which did not capture the entire span
of the plate. Future studies should consider widening the FOV to include the entire span, which would
require a new experimental setup. This setup should include a custom-made, water-resistant LED
panel designed to illuminate the entire plate uniformly. The development of such an LED panel is
crucial, as the standard LED used in this study, despite being modified for water resistance, occasionally
experienced leaks. A carefully designed and built LED panel would significantly enhance the accuracy
and reliability of the experimental data.

More obstacles

Exploring the effects of larger obstacles on the air layer formation and stability is another avenue for
future research. During the current study, preliminary tests with obstacles of 8 mm height in a bubbly
regime with a free-stream velocity of 0.94 m/s showed significant changes in bubble morphology, in-
cluding the formation of a large bubble attached to the obstacle, which grew with increased air flow.
Investigating such phenomena further could provide valuable insights into the scaling effects and the
limits of gas injection drag reduction techniques.

However, it is equally important to explore the effects of smaller obstacles to determine if there is a crit-
ical height where the effects become noticeable. Additionally, testing obstacles with different aspect
ratios could reveal how the ratio between height and diameter influences the stability and effectiveness
of the air layer regimes. Understanding these factors could help identify the optimal obstacle dimen-
sions for maximizing the benefits of gas injection drag reduction across a range of flow conditions.

Improved experimental setup

The experimental setup could be further optimized to ensure accurate free-stream velocity measure-
ments and to minimize the influence of support structures on the flow. The beams of the current support
structure, located in the middle of the setup, affected the field of view and introduced unwanted flow
disturbances. A redesign of the experimental setup, with a focus on minimizing such disturbances,
would enhance the validity of the results..

Overall, this study has contributed to a deeper understanding of the interactions between upstream
obstacles and gas injection drag reduction techniques in a turbulent boundary layer. The findings
highlight the complexity of these interactions and provide a foundation for future research aimed at
optimizing drag reduction strategies for marine vessels and other engineering applications.
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Code

A.l. Bubbly regime

Listing A.1: MATLAB code for processing the bubbly regime.

%% Clear workspace, command window, and close all figures
@ILE 3

clear;

close all;

%% Define directories

baseDirs = {
'C:\Users\thiba\Documents\Thesis\Data\54Hz\no_object',
'C:\Users\thiba\Documents\Thesis\Data\54Hz\1.5cm\1imm"',
'C:\Users\thiba\Documents\Thesis\Data\54Hz\1.5cm\3mm',
'C:\Users\thiba\Documents\Thesis\Data\54Hz\1.5cm\5mm"',
'C:\Users\thiba\Documents\Thesis\Data\54Hz\3.5cm\1imm"',
'C:\Users\thiba\Documents\Thesis\Data\54Hz\3.5cm\3mm"',
'C:\Users\thiba\Documents\Thesis\Data\54Hz\3.5cm\5mm"',
'C:\Users\thiba\Documents\Thesis\Data\54Hz\5.5cm\1mm',
'C:\Users\thiba\Documents\Thesis\Data\54Hz\5.5cm\3mm"',
'C:\Users\thiba\Documents\Thesis\Data\54Hz\5.5cm\5mm"'

nE

fileNames = {
'LED_all_no_object.mat',
'LED_all_1.5cm_1mm.mat',
'LED_all_1.5cm_3mm.mat',
'LED_all_1.5cm_5mm.mat',
'LED_all_3.5cm_1mm.mat',
'LED_all_3.5cm_3mm.mat',
'LED_all_3.5cm_bmm.mat',
'LED_all_5.5cm_1imm.mat',
'LED_all_5.5cm_3mm.mat',
'LED_all_5.5cm_5mm.mat'

i

%% Define parameters
minDotSizel = 40;

minDotSize2 = 150;

seClosing = strel('disk', 3);
borderWidth = 10;

frameRate = 500;

pixelToM = 0.14286 * 107-3;
flowVelocity = 0.94;

folder = 'Data_segmented';

%% Process each directory and file name pair
for k = 1:length(baseDirs)

baseDir = baseDirs{k};

fileName = fileNames{k};
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end

fullPath = fullfile(baseDir, fileName);

%% Add directory to MATLAB path
addpath(baseDir) ;

%% Load the MAT file containing the binary images
if exist(fullPath, 'file')
data = load(fullPath);
dataFields = fieldnames (data);
LED_all = data.(dataFields{1}); J dynamically load the first variable
disp(['Fileloadedsuccessfully:,', fullPathl);
else
disp(['Filedoes notyexist:,', fullPathl);
continue; % Skip this iteration if the file does not exist
end

numImages = numel (LED_all);

%% Setup directories for saving results
folderName = fullfile(baseDir, folder);
if ~exist(folderName, 'dir')

mkdir (folderName) ;
end

figuresFolder = fullfile(folderName, 'folder_figures');
if ~exist(figuresFolder, 'dir')

mkdir (figuresFolder) ;
end

%% Process each image pair

for i = 1:2:numImages-1
firstImage = preprocessImage(LED_all(i).I, minDotSizel, minDotSize2, seClosing,
borderWidth);
secondImage = preprocessImage(LED_all(i+1).I, minDotSizel, minDotSize2, seClosing,
borderWidth);
[connectedImage, numNotConnected, velocities, statsCurr] = connectBubbles(secondImage

, firstImage, pixelToM, frameRate, i, figuresFolder);
velocities(abs(velocities(:,1)) > flowVelocity | abs(velocities(:,2)) > flowVelocity,
:) = NaNj;
[bubbleAreas, bubbleDiameters] = calculateBubbleAreas(connectedImage) ;

% Call to segment the image data (pass both height and width)
segmentData = segmentImage (connectedImage, velocities, bubbleAreas, bubbleDiameters,
statsCurr, size(secondImage, 1), size(secondImage, 2));

% Store the data for each pair
savePath = fullfile(folderName, sprintf ('connected_image_pair_%05d_%05d.mat', i, i+1)

)8
connectedImageStruct = struct('SegmentData', segmentData);
save (savePath, 'connectedImageStruct');

end

%% Combine all individual MAT-files into a single MAT-file

outputFileSuffix = regexprep(fileName, '"“LED_all', '');
combineMATfiles (folderName, fullfile(folderName, ['combined_results_x_z' outputFileSuffix
1);

%% After processing, clear large variables
clear data LED_all; % Free up memory by removing large variables

disp('All datasets processed.');

%% Helper functions
function cleanedImage = preprocessImage (imageData, minDotSizel, minDotSize2, seClosing,

borderWidth)

invertedImage = ~imbinarize(imageData);

openedImage = bwareaopen(invertedImage, minDotSizel);

closedImage = imclose(openedImage, seClosing);

filledImage = imfill(closedImage, 'holes');

[cleanedImage, numRemovedBubbles] = removeBorderBubbles(filledImage, borderWidth);
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110 end
LAl
112 function [filledImage, numRemovedBubbles] = removeBorderBubbles(filledImage, borderWidth)

13 borderTouched = padarray(true(size(filledImage) - 2 * borderWidth), [borderWidth
borderWidth], false, 'both');

14 components = bwlabel(filledImage);

15 borderComponents = unique(components (~borderTouched)) ;

116 filledImage (ismember (components, borderComponents)) = 0;

17 numRemovedBubbles = numel (borderComponents) ;

118 end

119

120 function [connectedImage, numNotConnected, velocities, statsCurr] = connectBubbles(currFrame,

prevFrame, pixelToM, frameRate, pairIndex, figuresFolder)

121 [prevLabeled, numLabelsPrev] = bwlabel(prevFrame) ;

122 [currLabeled, numLabelsCurr] = bwlabel (currFrame);

123 connectedImage = zeros(size(currFrame));

124 numNotConnected = 0;

125 velocities = zeros(numLabelsCurr, 2);

126

127 statsPrev = regionprops(prevlLabeled, 'Centroid');

128 statsCurr = regionprops(currlLabeled, 'Centroid');

129

130 for i = 1:numLabelsCurr

131 minDistance = inf;

132 bestMatchIdx = -1;

133 for j = l:numLabelsPrev

134 distance = norm(statsCurr(i).Centroid - statsPrev(j).Centroid);

135 if distance < minDistance

136 minDistance = distance;

137 bestMatchIdx = j;

138 end

139 end

140 if bestMatchIdx ~= -1

141 connectedImage (currLabeled == i) = 1;

142 deltaX = (statsCurr(i).Centroid(1l) - statsPrev(bestMatchIdx).Centroid(1)) *
pixelToM * frameRate;

143 deltaZ = (statsCurr(i).Centroid(2) - statsPrev(bestMatchIdx).Centroid(2)) x*
pixelToM * frameRate;

144 velocities(i, :) = [deltaX, deltaZ];

145 else

146 numNotConnected = numNotConnected + 1;

147 velocities(i, :) = [NaN, NaN]; % Assign NaN to non-matched bubbles

148 end

149 end

150 end

151

152 function [bubbleAreas, bubbleDiameters] = calculateBubbleAreas(connectedImage)

153 [labeledImage , numLabels] = bwlabel(connectedImage) ;

154 bubbleAreas = zeros(numLabels, 1);

155 bubbleDiameters = zeros(numLabels, 1); % Store diameters here

156

157 for label = 1:numlLabels

158 arealnPixels = sum(labeledImage(:) == label);

159 bubbleAreas (label) = arealnPixels;

160 bubbleDiameters (label) = sqrt(4 * arealnPixels / pi); % Calculate equivalent

diameter in pixels

161 end

162 end

163

164 function segmentData = segmentImage (connectedImage, velocities, bubbleAreas, bubbleDiameters,

statsCurr, imageHeight, imageWidth)

165 numZSegments = 25;

166 numXSegments = 3;

167

168 segmentHeight = imageHeight / numZSegments;

169 segmentWidth = imageWidth / numXSegments;

170 segmentData = cell(numZSegments, numXSegments); % Create a cell array to store data for

each 2D segment
171
172 % Initialize accumulators for cumulative data

173 cumulativeVelocities = [];
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[1;

cumulativeDiameters =

cumulativeAreas =

[1;

round (zSeg * segmentHeight);
round (xSeg * segmentWidth);

for zSeg = 1l:numZSegments
for xSeg = 1:numXSegments
% Define the segment ranges in both directions
zRange = round((zSeg-1) * segmentHeight + 1)
xRange = round((xSeg-1) * segmentWidth + 1)
% Find the bubbles that fall within this segment
inSegment = arrayfun(@(x)

x.Centroid (2) >=
x.Centroid (1) >=

zRange (1) && x.
xRange (1) && x.

% Store data for this segment
segmentVelocities =

Centroid (2) <=
Centroid (1) <=

zRange (end) &&
xRange (end), statsCurr);

velocities (inSegment, :);

segmentAreas = bubbleAreas(inSegment) ;

segmentDiameters = bubbleDiameters(inSegment) ;
segmentData{zSeg, xSegl.Velocities = segmentVelocities;
segmentData{zSeg, xSegl}.BubbleAreas = segmentAreas;
segmentData{zSeg, xSeg}.BubbleDiameters = segmentDiameters;
segmentData{zSeg, xSegl.ZSegmentStart = zRange(1);
segmentData{zSeg, xSeg}.ZSegmentEnd = zRange (end);
segmentData{zSeg, xSeg}.XSegmentStart = xRange (1);
segmentData{zSeg, xSegl}.XSegmentEnd = xRange(end);

% Accumulate data for summary
cumulativeVelocities =
cumulativeAreas = [cumulativeAreas;
cumulativeDiameters =
end
end

% Append cumulative data as
segmentData{numZSegments+1,

the last entry
numXSegments+1}.

segmentData{numZSegments+1, numXSegments+1}.
segmentData{numZSegments+1, numXSegments+1}.
segmentData{numZSegments+1, numXSegments+1}.
Segments';
end

function combineMATfiles(folder, outputFileName)
matFiles = dir(fullfile(folder, '*.mat'));
combinedData = [];

% Iterate through each file in the directory

for i = 1:length(matFiles)
filePath = fullfile(folder,
if contains(filePath,
loadedData = load(filePath,
structure
if isempty(combinedData)
combinedData =
else
combinedData =
Concatenate structures

matFiles (i) .

end
end
end
% Save the combined data to a new .mat file
if ~isempty(combinedData)
save (outputFileName,
end
end

'combinedData’,

A.2. Transitional regime

[cumulativeVelocities;

[cumulativeDiameters;

loadedData.connectedImageStruct;

segmentVelocities];
segmentAreas];
segmentDiameters];

Velocities = cumulativeVelocities;
BubbleAreas = cumulativeAreas;
BubbleDiameters = cumulativeDiameters;
Description = 'Cumulative Data for A1l

% Initialize as empty array to store structured data

name) ;

'connected_image_pair')
'connectedImageStruct');

% Load the specific

% Initialize if empty

[combinedData, loadedData.connectedImageStruct]; %

'-v7.3"');

Listing A.2: MATLAB code for processing the transitional regime.
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% Clear the environment
@@y

clear;

close all;

%% Parameters

base_path = 'C:\Users\thiba\Documents\Thesis\Data\40Hz"';
depths = {'no_object'};
thicknesses = {''};

Q_values = 6:6:12;

% Process each directory
for i = 1:length(depths)
for j = 1:length(thicknesses)
if strcmp(depths{i}, 'no_object') && ~isempty(thicknesses{jl})

continue; % Skip invalid combinations

end

for q = Q_values
directory = generatePath(base_path, depths{i}, thicknesses{j}, q);
[processedStruct, combinedImage] = processAndCombine(directory, q);
saveProcessedData(directory, depths{il}, thicknesses{j}, q, processedStruct,

combinedImage) ;
end

end
end

disp('All directories have been processed.');
function directory = generatePath(base_path, depth, thickness, q)

if strcmp(depth, 'no_object')
directory = fullfile(base_path, depth, sprintf('%.1£Q', q));

else
directory = fullfile(base_path, depth, thickness, sprintf('}%.1£fQ', q));
end
end
function [processedStruct, combinedImage] = processAndCombine(directory, q)

file_pattern = fullfile(directory, 'LED_all*.mat');
files = dir(file_pattern);
numFiles = length(files);

if numFiles ==

fprintf ('No matching,.mat files,found,in. %s\n', directory);
processedStruct = struct();
combinedImage = [];
return;
end
imageCount = 0;
processedStruct = repmat(struct('FileName', "' 'ProcessedImage', [], 'Area', 0),
numFiles * 1000, 1); % Initial allocation
combinedSum = O;
for fileIdx = 1:numFiles

file = files(filelIdx);
filePath = fullfile(directory, file.name);
fprintf ('Processing file_%d of %d: %s\n', fileIdx, numFiles, filePath);
data = load(filePath);
if isfield(data, 'LED_all')
LED_images = data.LED_all;
for imgIdx = 1:numel (LED_images)
binaryImage = LED_images(imglIdx).I;
processedImage = processImage(binaryImage, q);
area = sum(processedImage(:));

% Update processedStruct

structIdx = imageCount + 1;

processedStruct (structIdx).FileName = sprintf('image_%05d', structldx);
processedStruct (structIdx) .ProcessedImage = processedImage;
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70 processedStruct (structIdx).Area = area;
71
72 % Accumulate for combined image
73 if imageCount ==
74 combinedSum = double(processedImage) ;
75 else
76 combinedSum = combinedSum + double(processedImage) ;
77 end
78 imageCount = imageCount + 1;
79 end
80 else
81 fprintf ('Expectedfield not,found,in,%s\n', filePath);
82 end
83 end

84
85
86
87
88
89
9 end
91

% Trim processedStruct to the actual number of images
processedStruct = processedStruct (1:imageCount);

% Create combined image
combinedImage = combinedSum / imageCount;

92 function saveProcessedData(directory, depth, thickness, q, processedStruct, combinedImage)

93
94
95
9
97
98
99
100
101
102
103
104
105
106
107
108 end
109

% Save processedStruct

structFileName = sprintf ('processed_data_%s_%s_%.1fQ.mat', depth, thickness, q);
structFilePath = fullfile(directory, structFileName);

save (structFilePath, 'processedStruct', '-v7.3');

fprintf ('Processed; structuresaved, to: %s\n', structFilePath);

% Save combined image
if isempty(thickness)
combinedFileName = sprintf ('combined_image_%s_%.1fQ.mat', depth, q);
else
combinedFileName = sprintf('combined_image_%s_%s_%.1fQ.mat', depth, thickness, q);
end
combinedFilePath = fullfile(directory, combinedFileName);
save (combinedFilePath, 'combinedImage', '-v7.3');
fprintf ('Combined  imagesaved to: %s\n', combinedFilePath);

110 function processedImage = processImage(binaryImage, q)

111
12
13
14
115
116
"7
18
19
120
121
122

seClose = selectStructuringElements(q);
seOpen = seClose; % Assuming same values for simplicity
edgelmage = edge(~binaryImage, 'Canny');
closedImage = imclose(edgelmage, strel('disk', seClose));
openedImage = imopen(closedImage, strel('disk', seOpen));
filledImage = openedImage; % Start with the opened image

if q >= 6 && q <= 12
filledImage = imfill(filledImage, 'holes');

end

% Do not invert the image to keep it non-binary for averaging

123 processedImage = filledImage;
124 end

125

126 function se = selectStructuringElements(q)
127 if q <= 12

128 se = 1;

129 elseif q <= 36

130 se = 8;

131 else

132 se = 23;

133 end

134 end

1

Listing A.3: MATLAB code for detection of the ZOI edges and identification of the funnel start.

% Load the .mat file containing the cell array

2 matFilePath = 'C:\Users\thiba\Documents\Thesis\Data\40Hz\0.7\threshold_0.7.mat'; % Adjust

this path
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loadedData = load(matFilePath);

% Assuming the cell array is named 'thresholdedImagesCell'

cellArray = loadedData.thresholdedImagesCell;

% Define the indices corresponding to the cases of interest

indicesOfInterest = [39:48, 55:64, 103:112];

% Define the naming conventions for each case by index

nameMapping = containers.Map(...

[39, 40, 41, 42, 43, 44, 45, 46, 47, 48,

55, 56, 57, 58, 59, 60, 61, 62, 63, 64, ...
103, 104, 105, 106, 107, 108, 109, 110, 111, 1121,

{'-1.5D,_ h2_Q48.0', '-1.5D,,h2_Q54.0', '-1.5D, h2_Q60.0', '-1.5D, h2_Q66.0"',
'-1.5D,_h2_Q72.0', '-1.5D, h2_Q78.0', '-1.5D,, h2_Q84.0', '-1.5D,, ,h2_Q90.0',
'-1.5D,,h2_Q96.0', '-1.5D,,h2_Q102.0', '-1.5D,_ h3_Q48.0', '-1.5D, h3_Q54.0',
'-1.5D,_ h3_Q60.0', '-1.5D,_ h3_Q66.0', '-1.5D, h3_Q72.0', '-1.5D,, ,h3_Q78.0',

'-1.5D,_ h3_Q84.0', '-1.5D,_ h3_Q90.0', '-1.5D,_ h3_Q96.0', '-1.5D, h3_Q102.0"',
'-3.5D,,h3_Q48.0', '-3.5D,,h3_Q54.0', '-3.5D, ,h3_Q60.0', '-3.5D, h3_Q66.0",
'-3.5D,,h3_Q72.0', '-3.5D,,h3_Q78.0', '-3.5D, h3_Q84.0', '-3.5D, h3_Q90.0',
'-3.5D,,h3_Q96.0', '-3.5D,,,h3_Q102.0'}); % Correct mapping

% Initialize a structure to store the edges

edgeStruct = struct('Name', {}, 'EdgeData', {});

% Process each relevant image based on index

for i = 1:length(indicesOfInterest)

index = indicesOfInterest(i);

name = cellArray{index, 1}; % Metadata (name, Q value, etc.)

binaryImage = cellArray{index, 2}; 7 Binary image

% Process the image to find edges

[upperEdges, lowerEdges] = detectEdges(binaryImage);

% Apply smoothing to the edges

upperEdgesSmoothed = smoothdata(upperEdges, 'movmean', 50); % Adjust the window size as

needed

lowerEdgesSmoothed = smoothdata(lowerEdges, 'movmean', 50); % Adjust the window size as

needed

% Store the smoothed edge data in the structure

edgeName = nameMapping(index) ;

edgeData = [upperEdgesSmoothed; lowerEdgesSmoothed]; % Store both smoothed upper and

lower edges

edgeStruct (end+1) = struct('Name', edgeName, 'EdgeData', edgeData);

fprintf ('Processed  and added edges for %s\n', edgeName);

end
% Save the edge data to a new .mat file
savePath = 'C:\Users\thiba\Documents\Thesis\Data\40Hz\Edges\edge_data.mat'; % Adjust the path

as needed
save (savePath, 'edgeStruct', '-v7.3');
fprintf ('Edgedatasaved to:%s\n', savePath);

% Plotting a Random Case from the Saved Edge Data with Funnel Detection

if ~isempty(edgeStruct)
% Select a random case to plot
randomIndex = randi(length(edgeStruct));
randomCase = edgeStruct(randomIndex) ;

% Extract the data for plotting

edgeName = randomCase.Name;

edgeData = randomCase.EdgeData; % Correct field name
upperEdges = edgeData(l, :);

lowerEdges = edgeData(2, :);

cols = length(upperEdges);

% Convert columns (x-axis) from pixels to meters and normalize
pixelToMeter = 1 / 7000; % Conversion factor



70
7
72
73
74
75
76
7
78

79
80
81
82
83

84
85
86
87
88
89
90
91
92

93

94
95
96
97
98

99

100
101
102
103
104
105
106
107

109
10
111
12
13
14
115
116
17
18
19
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

A2. Transitional regime 74
xMeters = (1:cols) * pixelToMeter / 0.062; % Normal x-axis conversion
% Convert row indices (y-axis) from pixels to meters, with O at 800 pixels
yPixelsOffset = 800;
upperEdgesMeters = (upperEdges - yPixelsOffset) * pixelToMeter / 0.062;
lowerEdgesMeters = (lowerEdges - yPixelsOffset) * pixelToMeter / 0.062;
% Detect the funnel start
[funnelStartUpper, funnelStartLower] = detectFunnelStartDirectional (upperEdges,
lowerEdges) ;
% Create figure with specified paper size and position
paperPosition = [0 O 30 30]; ’% Same as in your other code
paperSize = [30 30];
figureHandle = figure('PaperUnits', 'centimeters', 'PaperPosition', paperPosition, 'PaperSize

', paperSize);

% Main plot with normalized axes

hold on;

plot (xMeters, upperEdgesMeters, 'r-', 'LineWidth', 2); % Plot upper edge in red
plot (xMeters, lowerEdgesMeters, 'b-', 'LineWidth', 2); % Plot lower edge in blue

% Mark the detected funnel start points
if ~isempty(funnelStartUpper)

plot (xMeters (funnelStartUpper), upperEdgesMeters(funnelStartUpper), 'go', 'MarkerSize',

10, 'MarkerFaceColor', 'g'); % Green circle
text (xMeters (funnelStartUpper), upperEdgesMeters(funnelStartUpper), ', Funnel Start(
Lower)', 'VerticalAlignment', 'bottom', 'FontSize', 26);
else
fprintf ('No,significant funnel start detected, for the  upper  edge.\n');
end
if ~isempty(funnelStartLower)

plot (xMeters (funnelStartLower), lowerEdgesMeters(funnelStartLower), 'go', 'MarkerSize',

10, 'MarkerFaceColor', 'g'); % Green circle
text (xMeters (funnelStartLower), lowerEdgesMeters(funnelStartLower), ', Funnel Start,(
Upper)', 'VerticalAlignment', 'top', 'FontSize', 26);
end

% Main axes labels

xlabel ('$x/,\delta$', 'Interpreter', 'latex', 'FontSize', 35);
x1im ([0 6]);

xticks (0:2:6);

ylabel('$z/,\delta$', 'Interpreter', 'latex', 'FontSize', 35);
ylim([-1.5 1.5]1);

yticks(-1.5:0.5:1.5);

% Set LaTeX interpreter for ticks and font size
set(gca, 'TickLabelInterpreter', 'latex', 'FontSize', 26);

% Adjust the axes to fill more of the figure area
axl = gca;
axl.Position = [0.1, 0.10, 0.82, 0.8]; % Left, Bottom, Width, Height

% Create secondary axes with pixel-based scaling
ax2 = axes('Position', axl.Position, 'XAxisLocation', 'top', 'YAxisLocation',6 'right',
'Color', 'mone', 'XColor', 'k', 'YColor', 'k');

% Define the limits and ticks for the pixel-based axes
xlim(ax2, [0 38.4]);

ylim(ax2, [-9.6 9.6]);

xticks (ax2, 0:5:35);

yticks (ax2, -9:3:9);

% Labels for the pixel-based axes
xlabel (ax2, '$x/.,D$', 'Interpreter', 'latex', 'FontSize', 35);
ylabel(ax2, '$z/.D$', 'Interpreter', 'latex', 'FontSize', 35);

% Set LaTeX interpreter for ticks and font size on the secondary axes
set (ax2, 'TickLabelInterpreter', 'latex', 'FontSize', 26);

% Legend (added to the main axes)
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135 legend(axl, {'Lower Edge', 'Upper Edge', 'Funnel, Start'}, 'Interpreter', 'latex', 'FontSize',
26, 'Location', 'southwest');
136 hold off;
137
138 fprintf ('Plotcreated for random,case:%s\n', edgeName);
139
140 % Save the figure as both .fig and high-resolution .jpg
141 savePath = 'C:\Users\thiba\Documents\Thesis\Data\40Hz\Edges\final'; % Adjust this path as
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else

end

needed
if ~exist(savePath, 'dir')
mkdir (savePath) ;
end

figFileName fullfile(savePath, 'edge_plot.fig');
jpgFileName = fullfile(savePath, 'edge_plot.jpg');

savefig(figureHandle, figFileName) ;
print (figureHandle, jpgFileName, '-djpeg', '-r300'); % Save as high-resolution JPEG

fprintf ('Figure saved as,.fig,and high-resolution.jpguin %s\n', savePath);

fprintf ('Noedge data available for plotting.\n');

%% Functions

function [upperEdges, lowerEdges] = detectEdges(binaryImage)

end

% Detect the upper and lower edges in the binary image
[rows, cols] = size(binaryImage);
middleRow = round(rows / 2);

% Initialize arrays to store the edges
upperEdges = nan(1l, cols);
lowerEdges = nan(1l, cols);

% Define the start and end columns
startCol = 100;
endCol = cols - 50;

% Process each column from startCol to endCol

for col = startCol:endCol
% Upper edge (moving upwards from the middle row)
for row = middleRow:-1:1

if binaryImage(row, col) == 1 Y, Detecting the yellow region (binary value 1)
upperEdges (col) = row;
break;

end

end

% Lower edge (moving downwards from the middle row)
for row = middleRow:rows

if binaryImage(row, col) == 1 I, Detecting the yellow region (binary value 1)
lowerEdges (col) = row;
break;

end

end
end

function [funnelStartUpper, funnelStartLower] = detectFunnelStartDirectional (upperEdges,

lowerEdges)

% Detect the funnel start points based on directional trends

windowSize = 10; % Number of columns to consider for trend

threshold = 2.4; % Minimum cumulative deviation to be considered as funnel start

% Detect downward trend for the upper edge

funnelStartUpper = [];

for i = windowSize:length(upperEdges)-windowSize
trend = mean(upperEdges(i-windowSize+1:i)) - mean(upperEdges(i+1:i+windowSize));
if trend > threshold
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funnelStartUpper = i;
break;
end
end

% Detect upward trend for the lower edge

funnelStartLower = [];
for i = windowSize:length(lowerEdges)-windowSize
trend = mean(lowerEdges(i+l:i+windowSize)) - mean(lowerEdges (i-windowSize+1:1i));
if trend > threshold
funnelStartLower = ij;
break;
end
end

% Print out debugging information
if ~isempty(funnelStartUpper)
fprintf ('Funnel start detectedyatcolumn.%d, for the upper edge.\n', funnelStartUpper)
5
end
if ~isempty(funnelStartLower)
fprintf ('Funnelstart detectedyat column%d for the lower ,edge.\n', funnelStartLower)
end
end

A.3. Air layer regime
Listing A.4: MATLAB code for processing the air layer regime.

% Clear the environment
@ll@s
clear;
close all;
% PARAMETERS
base_path = 'D:\MSc_Thibaut\30Hz';
depths = {'no_object', '1.5cm', '3.5cm', '5.5cm'};
thicknesses = {'', 'imm', '3mm', '5mm'};

Q_values = [3.0, 6.0, 20.0, 25.0, 30.0];
D = 0.01; % Object diameter in meters

X_scale = 0.2127659574468; I X_scale = pix/mm (7 pix = 1 mm)

% Define the range of x positions to consider

x_start = 600;

x_end = 1960;

cols_range = x_start:x_end;

% Convert pixel distances to meters and normalize by D

cols_range_m = (cols_range - mean([x_start, x_end])) * X_scale / 1000 / D;

% Define markers and colors

markerMap = containers.Map({'imm', '3mm', 'bmm', 'mno_object'}, {'o', '"', 's', 'mone'l});
colorMap = containers.Map({'1.5cm', '3.5cm', '5.5cm', 'mo_object'}, {

[0.4940, 0.1840, 0.5560], % Purple for 1.5cm

[0.8500, 0.3250, 0.0980], % Orange for 3.5cm

[0, 0.4470, 0.7410], % Blue for 5.5cm

[o, o, ol % Black for no object
P

% Add 5 cm (0.05 meters) to each average distance and normalize by D
additional_distance = 0.05 / D;

% Initialize a structure to store average distances for each Q value
avgDistances = containers.Map;

% Processing loop for each Q value
for q = Q_values

figure;

hold on;
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legendLabels = {};
legendHandles = [];

for i

1:length(depths)

for j = 1:length(thicknesses)

if strcmp(depths{i}, 'no_object') && ~isempty(thicknesses{jl})
continue; % Skip invalid combinations
end

% Generate the file paths
if strcmp(depths{i}, 'mo_object')
Directory = fullfile(base_path, depths{il}, sprintf('%.1£fQ', q), 'Bin_Level
=1900"');
else
Directory = fullfile(base_path, depths{i}, thicknesses{j}, sprintf('%.1£fQ', q
), 'Bin_Level=1900');
end

% Print the current directory being processed
fprintf ('Processing directory: %s\n', Directory);

% Ensure the directory exists

if ~exist(Directory, 'dir')
fprintf ('Directory doesynotexist:%s\n', Directory);
continue;

end

% Define output folder
outputFolder = fullfile(Directory, 'ProcessedData');

% Load the gap_distances_x_time.mat file
gapDistancesFilePath = fullfile(outputFolder, 'gap_distances_x_time.mat');
if ~exist(gapDistancesFilePath, 'file')
fprintf ('gap_distances_x_time.mat_ does not exist in %s\n', Directory);
continue;
end

% Load the average distances
data = load(gapDistancesFilePath);
average_distances = data.gap_distances_x_time.average_distances;

% Convert y distances from pixels to meters and normalize by D
average_distances_m = (average_distances * X_scale / 1000) / D;

% Add the additional distance
average_distances_m = average_distances_m + additional_distance;

% Determine the marker and color for the current combination

objectHeight = thicknesses{j};

if isempty(objectHeight)
objectHeight = 'no_object';

end

distanceFromInjector = depths{il};

if isKey(markerMap, objectHeight) && isKey(colorMap, distanceFromInjector)
marker = markerMap(objectHeight);
color = colorMap(distanceFromInjector);

% Set line width and style based on the case
if strcmp(objectHeight, 'no_object')
lineWidth = 1.0;

lineStyle = '-'; % Solid line for no object case
legendLabel = 'mogobject'; % Special label for no object case
else
lineWidth = 0.5;
lineStyle = '--'; % Dashed line for other cases
legendLabel = sprintf('L,=_%s, hy=u%s', distanceFromInjector,
objectHeight) ;

end

% Plot the data
plotHandle = plot(cols_range_m, average_distances_m, 'Color', color, '
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LineWidth', lineWidth, 'LineStyle', lineStyle);
% Add markers at every 100 pixels
markerIndices = x_start:100:x_end;
markerIndices_m = (markerIndices - mean([x_start, x_end])) * X_scale / 1000 /
D;
markerHandle = plot(markerIndices_m, average_distances_m(markerIndices -
x_start + 1), 'LineStyle', 'none', 'Marker', marker, 'Color', color, '
MarkerSize', 6);
% Store handles and labels
legendHandles = [legendHandles, plotHandle, markerHandlel];
legendLabels{end + 1} = legendLabel;
end
end
end
% Customize the legend to show both lines and markers
legendEntries = arrayfun(@(h, 1) plot(NaN, NaN, 'Color', get(h, 'Color'), 'Marker',6 get(l
, 'Marker'), 'LineStyle', get(h, 'LineStyle')), legendHandles(1:2:end), legendHandles
(2:2:end), 'UniformOutput', false);
lgd = legend([legendEntries{:}], legendLabels, 'Location', 'southoutside', 'Orientation',
'horizontal', 'Interpreter', 'latex', 'FontSize', 13);
lgd.NumColumns = 3; % Set the number of columns to 3
xlabel ('X/D', 'Interpreter', 'latex', 'FontSize', 20);
ylabel ('$\overline{L}_{\mathrm{air}}/D$', 'Interpreter', 'latex', 'FontSize', 20);
title(sprintf ('Qu=_%.1£f,(1/min)"', q), 'Interpreter', 'latex', 'FontSize', 20);
% Set x and y axis limits and ticks
x1im ([-20 20]);
ylim([56 251);
set(gca, 'XTick', -20:5:20);
set(gca, 'YTick', 5:5:25);
set(gca, 'TickDir', 'both');
set(gca, 'FontSize', 13);
hold off;
% Save the plot as a .fig file
savefig(fullfile(base_path, sprintf('Average_Distance_Q_%.1f.fig', q)));
% Print completion message
fprintf ('Completed processing for Qu=u%.1f\n', q);
end

148 disp('All,Quvalues have been processed."');
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Configuration ~ z1 72 73 74 75 76 z7 z8 79 z10 zZ11  z12 13 z14 715 716  Z17  Z18  Z19 720  z21  Z22 723 724 725
-1.5D,h1,x1 169 217 171 739 058 157 329 093 -2.36 -545 -13.31 -1965 -20.80 -1349 -406 179 001 041 144 -061 217 -1.17 331 -113 -025
-1.5D,h2,x1  -242 -150 -153 335 -042 -133 -135 -359 -6.32 -17.47 -31.95 2426 -19.97 -16.77 -1063 -496 -299 -038 172 -0.76 -342 255 -470 -514 -644
-1.5D,h3,x1 179 415 327 925 601 655 829 858 565 -229 -933 -691 226 -728 -310 323 473 361 334 -009 -226 28 552 -532 -4.16
35D, h1,x1  -347 334 -535 -065 -615 -7.00 -628 -9.67 -11.98 -1490 -17.93 2022 -2249 -2337 -1895 -17.10 -1843 -17.06 -14.44 -1360 -16.93 -11.13 -1327 -1364 -11.57
-35D,h2,x1 085 -0.60 048 7.81 115 -047 -135 -314 -495 -838 -11.80 -1547 -19.97 -2254 -1420 -942 -677 -493 -1.95 -418 -662 -498 -468 -573 -4.20
-35D,h3,x1  -3.04 224 -407 084 -407 -454 -508 -835 -12.38 -1949 -2572 2204 -18.36 -2460 -2563 -2161 -1655 -1013 -6.29 -7.63 -7.12 698 -7.60 -912 -9.01
5.5D,h1,x1  -7.30 -7.44 916 -574 -991 -11.88 -13.37 -1521 -16.69 -19.84 -18.71 -19.07 -2011 -20.35 -19.68 -21.61 -21.68 -1976 -17.35 -19.72 -18.04 -16.66 -1559 -1512 -11.98
55D, h2,x1  -314 -462 -508 -140 -448 862 -7.78 -1116 -1087 -11.33 -980 -1161 -17.15 -1592 -1337 -1491 -1443 -1350 -1178 -12.00 -11.30 -928 -970 -10.06 -7.19
-55D,h3,x1  -6.06 -418 -542 -266 -638 -878 -1129 -1214 -1167 -928 -322 -330 660 -1224 -1407 -1476 -1652 -1407 -1312 -11.31 -11.87 938 -11.19 -1216 -8.97
-1.5D,h1,x2 301 301 398 618 351 28 040 121 -071 -258 -13.02 -2248 -2050 -1055 -250 -041 185 023 201 -1.19 221 -060 -094 281 -479
-15D,h2,x2  -1.93 048 -110 311 012 193 -106 -2.38 -663 -1583 -30.58 -24.34 -1880 -1872 -1270 -718 -075 -061 195 -224 -157 -190 205 -518 -598
-1.5D,h3,x2 412 392 600 868 645 88 777 1025 681 -144 -10.90 -885 -0.82 -299 -396 350 7.86 599 442 010 -054 250 -462 -531 -7.08
-35D,h1,x2 211 -304 -412 017 -472 293 -717 -807 -9.89 -12.32 -17.99 2140 2192 -21.77 -2042 -2029 -1585 -1452 -1147 -1472 -1381 -1276 -11.31 -13.75 -13.59
35D,h2,x2 269 194 158 445 223 358 201 -237 -340 -575 -12.72 -16.69 -19.66 -21.13 -1424 897 -470 -326 -1.83 -4.83 -474 362 -454 -415 727
-35D,h3,x2  -1.98 295 -167 140 -461 -170 -556 -7.42 -12.68 -18.91 -2433 27.04 -17.32 -2398 -2576 -2034 -13.05 -8.67 -3.89 -540 -7.72 692 -7.14 814 -11.19
-5.5D,h1,x2  -6.90 -6.71 -8.36 -595 -10.67 -9.99 -1492 -1485 -16.18 -17.00 -18.97 -20.77 -20.74 -19.77 -21.18 -21.51 -19.04 -18.82 -16.17 -18.99 -1824 -1624 -1531 -14.14 -13.16
-5.5D,h2,x2  -2.88 -259 -360 -036 -474 -553 -956 -1042 -11.16 -950 -1042 -12.96 -14.66 -14.36 -12.83 -1405 -1440 -1291 -9.86 -11.86 -12.35 -9.06 -802 -953 -9.06
5.5D,h3,x2  -2.23 297 -401 -367 -666 -687 -1015 -11.06 -13.64 -8.28 -426 236 -6.15 -994 -1482 -1529 -13.32 -13.11 -10.08 -12.39 -11.16 -8.12 -947 -1046 -10.96
-1.5D,h1,x3 117 149 106 701 115 08 074 030 -049 -585 -12.70 2056 -17.12 -1251 -457 127 132 025 -041 013 -1.87 027 065 -145 -401
-1.5D,h2,x3  -210 296 -127 481 -130 -018 -280 -451 -7.79 -1812 -31.98 -2820 -17.85 -1866 -1067 -629 -218 -1.77 -1.92 224 -122 247 -140 -329 -3.96
-1.5D,h3,x3 320 297 289 1045 552 701 743 825 654 -373 -11.56 -835 091 509 -395 204 740 405 271 123 -153 -1.78 351 482 -567
-35D,h1,x3  -2.94 290 -628 019 -435 -493 -7.00 -824 -1079 -1560 -18.08 -21.07 -21.32 -2225 -2070 -19.16 -16.81 -17.36 -13.86 -1544 -1333 -11.11 -11.18 -12.98 -13.58
-35D,h2,x3 107 040 -118 626 128 083 -218 -464 -410 -7.34 -12.21 -1549 -1872 -2033 -1499 -987 -413 -331 -394 -463 -424 530 -336 -213 -532
-35D,h3,x3  -0.62 -307 -343 220 -392 -254 -591 -801 -10.51 -19.01 -2582 -26.77 -10.09 -26.99 -26.14 -21.82 -1457 -959 -6.84 -6.78 -6.86 650 -6.07 -847 -9.73
55D, h1,x3  -7.39 -7.94 -913 -437 -1145 -1349 -1559 -17.48 -16.03 -18.34 -17.91 -18.88 -19.34 -2059 -1950 -2093 -2064 -21.06 -19.18 -18.89 -1848 -1566 -13.12 -1363 -11.72
-5.5D,h2,x3  -4.68 -417 -504 089 639 -7.37 -895 -1152 -1147 -1152 -11.06 -1270 -1461 -1594 -1317 -16.22 -1457 -1429 -12.28 -11.57 -11.11 900 -7.68 -853 -10.56
5.5D,h3,x3  -242 -48 -804 -171 -720 -923 -11.38 -11.74 -1300 -7.79 -6.03 -150 -3.80 -1529 -13.94 -1557 -16.25 -14.77 -11.91 -1226 -11.02 -897 -7.33 -862 -10.81
No Object,x1 ~ 000 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
No Object,x2 000 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
No Object,x3 ~ 000 0.0 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
-1.5D,h1, X_tot 196 222 225 686 175 177 147 081 -1.19 -463 -1301 -2090 -1947 -1218 -371 088 106 030 101 -056 -208 -050 -120 -1.80 -3.02
-1.5D,h2, X_tot 215 -1.33 -1.30 376 -061 014 -1.73 -349 691 -17.14 -3150 -2560 -18.87 -1805 -11.33 -6.14 -1.97 -092 059 -1.75 207 -231 -272 -454 -546
-1.5D,h3,X_tot 3.03 368 405 946 599 746 7.83 903 634 249 -1060 -803 -072 512 -367 292 656 455 349 041 -144 239 -455 -515 -564
-3.5D,h1, X_tot -2.84 -3.09 -525 -021 -507 -495 -6.82 -866 -10.89 -1427 -18.00 -20.89 -21.91 -2246 -2002 -18.85 -17.03 -16.31 -13.26 -1459 -14.69 -11.67 -11.92 -13.46 -12.91
-3.5D,h2, X_tot 154 058 029 617 155 131 -1.85 -338 -415 -7.16 -1224 -1588 -19.45 -21.33 -1448 -942 -520 -383 257 -454 -520 -463 -419 -400 -560
-3.5D,h3, X_tot -1.88 -275 -3.06 148 -420 -293 -552 -7.93 -11.86 -19.14 2529 -2528 -1526 -2519 -2584 -2126 -1473 -946 -567 -660 -723 -680 -6.94 -858 -9.98
-5.5D,h1, X_tot -7.20 -7.36 -8.88 -535 -1068 -11.79 -14.62 -1585 -16.30 -18.40 -1853 -19.57 -2006 -2024 -20.12 -21.35 -2045 -19.88 -17.56 -19.20 -1825 -16.19 -1467 -14.30 -12.29
-5.5D,h2, X_tot -357 -3.79 -457 -029 -520 -7.17 -877 -11.03 -11.17 -10.79 -10.42 -12.42 -1547 -1541 -1312 -1506 -1447 -1357 -11.31 -11.81 -11.58 -912 -847 -9.38 -8.94
-5.5D,h3, X_tot -357 -400 -582 -268 -675 -829 -10.94 -1164 -1277 -845 -450 238 -552 -1249 -1428 -1521 -1536 -13.98 -11.70 -11.99 -11.35 -8.82 -9.33 -1041 -10.25
No Object, X_tot 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00

Table B.1: Summary of values for the number of bubbles for different configurations.
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Configuraton 21 Z2 z3 z4 z5 z6 z7 z8 z9 z10 1 z12 713 z14 z15  z16  zZi7  z18  Z19  Z20  z21 722 723 724 725
-1.5D,h1,x1 298 -160 -0.02 -052 -1.25 -1.05 099 -237 -024 -093 -1889 -3846 -3361 -17.71 -1.63 227 -029 -272 -1.85 -254 163 -671 -543 099 -1.87
-1.5D,h2,x1  -1.13 -542 -256 -1.38 -345 -392 -1.60 -390 -12.89 -38.88 -78.19 -96.28 -95.39 -74.95 -3598 -6.87 0.80 014 549 252 404 574 -490 -042 -2.26
-1.5D,h3,x1  -326 -0.33 -046 418 010 018 1067 751 684 -21.80 -67.45 -9538 -97.58 -85.05 -4272 -2.38 570 062 454 -1.80 -3.64 -431 575 246 -0.95
-3.5D,h1,x1 040 -458 -043 007 -10.13 -1042 -6.02 -897 -12.66 -1538 -17.93 -19.94 -2202 -18.08 -1556 -15.02 -16.73 -16.34 -16.96 -17.88 -20.18 -19.47 -1273 -13.69 -9.63
-3.5D,h2,x1  -143 -1.08 202 010 015 -329 -165 -436 -7.13 -10.86 -21.48 -47.13 -65.44 -49.96 -2520 -541 524 -499 497 -507 -7.39 -500 -555 248 -3.95
-3.5D,h3,x1 362 -3.03 -137 140 -1063 -1021 -426 -11.77 -20.00 -38.59 -67.64 -91.83 -9824 -96.80 -81.73 -50.44 -20.17 -951 658 -7.03 -8.07 -910 -453 597 -3.42
-5.5D,h1,x1  -274 -7.94 -577 -1057 -22.35 -26.43 -2508 -2624 -27.37 -2580 -25.26 -22.04 -21.41 -17.75 -23.74 -2437 -2653 -29.41 -26.80 -32.99 -3459 -28.05 -2501 -17.68 -12.78
-5.5D,h2,x1  -204 -3.75 -130 -2.00 -12.18 -1520 -14.60 -1528 -18.76 -13.30 -11.81 -29.79 -34.83 -14.17 -6.76 -11.45 -11.32 -17.70 -14.45 -1513 -1462 -11.02 -7.89 651 -5.17
-5.5D,h3,x1  -0.06 -3.32 -343 473 -1260 -16.31 -17.27 -16.94 -19.59 -1565 -11.60 -40.32 -70.25 -51.87 -1541 -13.88 -16.54 -16.82 -14.59 -13.44 -13.92 -12.78 -928 -7.24 -2.70
-1.5D,h1,x2  -047 -1.09 -305 -2.65 218 -291 -1.73 -348 224 -283 -1230 -33.88 -37.13 -1827 -3.05 171 407 -201 070 135 -209 -3.08 -3.04 -389 336
-1.5D,h2,x2 410 -479 -152 -225 -0.83 -379 0.16 -6.99 -16.12 -4221 -77.98 -96.20 -9541 -76.45 -3549 -7.07 -290 -056 -1.06 265 -1.71 -285 -595 -599 2.06
-1.5D,h3,x2 013 -3.34 034 -1.58 554 197 695 827 293 -21.77 -66.67 -95.13 -97.80 -86.03 -4445 -212 232 181 453 052 -313 401 -653 -6.60 3.09
-3.5D,h1,x2 432 -190 -1.83 -1.35 -484 -813 -895 -11.31 -11.03 -12.87 -1279 -19.06 -22.41 -18.04 -16.51 -12.97 -18.14 -14.34 -11.92 -17.72 -19.02 -16.43 -17.33 -17.75 -11.96
-3.5D,h2,x2 410 -1.29 -314 200 435 -564 -376 -496 -6.71 -10.28 -18.36 -44.63 -66.49 -51.17 -20.84 -8.78 -9.34 -252 031 -2.89 -961 -424 627 -8.34 -242
-3.5D,h3,x2 335 -164 -1.81 418 -3.86 -11.38 -10.16 -11.70 -19.14 -39.11 -65.65 -91.10 -98.34 -96.21 -80.65 -47.70 -24.36 -7.88 -200 -551 -939 -7.86 -869 -947 021
-5.5D,h1,x2  -1.38 -6.70 -10.91 -14.48 -18.57 -26.19 -20.71 -2548 -26.23 -26.72 -21.56 -22.77 -23.69 -21.28 -19.40 -2652 -27.78 -29.47 -26.88 -30.20 -33.32 -28.68 -2521 -20.97 -10.51
-5.5D,h2,x2  0.81 -3.68 -508 -6.90 -11.63 -19.80 -10.95 -21.35 -20.90 -1501 -920 -2646 -3587 -14.73 -11.85 -8.64 -1559 -16.91 -14.35 -1322 -14.89 -1221 -7.54 -11.11 -533
-5.5D,h3,x2 494 -415 -518 -7.58 -8.37 -18.00 -18.95 -19.08 -20.52 -19.80 -4.54 -38.80 -69.99 -51.06 -14.50 -14.52 -21.09 -12.41 -13.66 -18.14 -1563 -12.04 -1200 -10.38 -2.45
-1.5D,h1,x3  -3.06 347 -070 102 159 -093 -203 -1.87 -351 -201 -1913 -33.21 -3590 -18.28 -0.31 117 -1.84 034 -1.39 096 038 -261 -004 -268 -3.58
-1.5D,h2,x3 049 -031 309 219 031 -349 -870 -513 -13.68 -41.81 -7850 -96.26 -94.62 -76.05 -3548 -6.60 -1.75 -269 -3.92 063 -540 -483 -307 -456 -5.44
-1.5D,h3,x3  -1.90 -063 550 367 382 559 430 842 322 -17.27 -69.81 -9549 -97.65 -86.26 -42.76 -7.02 7.35 4.8 130 174 067 -458 -272 -534 -0.89
-3.5D,h1,x3  1.71 147 243 052 752 -7.19 904 -6.83 -1559 -16.56 -16.59 -17.89 -19.59 -19.64 -16.56 -15.84 -16.00 -17.99 -16.39 -16.10 -21.90 -17.65 -13.47 -17.42 -12.50
-3.5D,h2,x3 202 369 469 069 299 035 -464 -452 401 -7.14 -2045 -4642 -63.78 -51.82 -19.47 -10.15 -0.39 -222 550 -374 -6.80 -7.99 -2.80 -7.04 -6.55
-3.5D,h3,x3  -254 137 -031 -0.62 -349 679 -11.97 -10.36 -18.36 -37.32 -68.44 -92.05 -9827 -97.20 -80.57 -50.92 -17.04 -7.36 -4.36 -7.17 973 -10.11 -496 -8.02 -4.78
-5.5D,h1,x3  -3.98 -4.80 -328 -10.81 -18.52 -2549 -27.84 -2518 -24.38 -24.17 -2356 -2519 -20.89 -20.16 -20.68 -27.56 -26.87 -24.71 -28.89 -33.31 -33.96 -27.59 -22.81 -23.29 -17.83
-5.5D,h2,x3  -361 -076 -201 -3.00 -8.92 -1652 -19.83 -16.48 -17.41 -1340 -1299 -2963 -3241 -17.65 -11.57 -11.56 -13.32 -1657 -14.01 -12.36 -17.10 -10.17 -8.89 -8.58 -10.30
-5.5D,h3,x3 257 -2.80 088 -6.15 -879 -17.00 -18.32 -17.57 -17.93 -14.03 -9.85 -41.48 -68.73 -53.60 -12.80 -14.36 -15.00 -14.13 -13.75 -13.40 -17.97 -1257 -8.02 -8.60 -6.64
No Object,x! ~ 0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
No Object,x2 ~ 0.00 0.0 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
No Object,x3 ~ 0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
-1.5D,h1,X_tot -217 026 -1.26 -0.72 084 -163 -092 -257 -1.99 -192 -16.77 -3519 -3555 -18.09 -1.67 172 -207 -146 -1.31 -008 -003 -413 -2.83 -1.86 -0.70
-1.5D,h2,X_tot  1.15 -3.50 -0.33 -1.94 -1.32 -373 -3.38 -534 -1423 -40.97 -7822 -96.25 -9514 -7581 -3565 -6.85 -1.28 -1.04 -349 025 -372 -447 -464 -366 -1.88
-1.5D,h3, X _tot -1.68 -1.44 179 209 3.16 258 731 807 433 -2028 -67.98 -9533 -97.68 -8578 -4331 -3.84 512 243 345 -020 248 -430 -500 -480 042
-3.5D,h1,X_tot 214 -1.67 005 -025 -749 -858 -800 -9.03 -13.09 -14.94 -1577 -18.96 -21.34 -1859 -16.21 -1461 -16.96 -16.22 -1509 -17.23 -20.37 -17.85 -14.51 -16.29 -11.36
-35D,h2, X_tot 156 044 119 093 250 -2.86 -335 -461 -595 -943 -20.10 -46.06 -65.23 -50.99 -21.84 -811 -499 -325 -359 -390 -7.93 -574 -487 595 -431
-3.5D,h3, X_tot 148 -1.10 -1.16 -1.13 -599 -946 -8.80 -11.28 -19.17 -38.34 -67.24 -91.66 -98.28 -96.73 -80.98 -49.69 -20.52 -8.25 -4.31 -657 -9.06 -9.02 -6.06 -7.82 -2.66
-5.5D,h1, X_tot -2.70 -6.48 -6.66 -11.96 -19.81 -26.04 -24.54 -2563 -2599 -2556 -23.46 -23.33 -22.00 -19.73 -21.27 -26.15 -27.06 -27.86 -27.52 -32.17 -33.95 -28.11 -24.35 -20.64 -13.70
-5.5D, h2, X_tot -1.61 -273 -2.80 -3.97 -1091 -17.17 -1513 -17.71 -19.02 -13.90 -11.34 -28.63 -34.37 -1552 -10.06 -10.55 -13.41 -17.06 -14.27 -1357 -1554 -11.13 -811 -873 -6.93
-5.5D, h3, X_tot 248 -342 -258 -6.15 -992 -17.10 -18.18 -17.86 -19.35 -16.49 -8.67 -40.20 -69.66 -52.18 -1424 -14.26 -17.54 -14.45 -14.00 -1499 -1584 -1246 -9.77 -874 -3.93
No Object, X_tot 0.00 0.00 0.0 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
Table B.2: Summary of values for the diameter of bubbles for different configurations.
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Configuraton 21 z2 23 z4 25 26 z7 28 29 z10 zZW z12 Zz13 Z14 215 Z16 Z17 Z18 Z19 720 721 722 723 724 725
-1.5D,h1,x1 009 -031 -0.14 -0.11 028 -0.01 036 017 025 -1.80 -2.38 -3.30 -330 -363 -153 013 016 052 -019 -020 005 040 009 020 1.16
-1.5D,h2,x1  -0.73 -0.94 -0.67 -0.75 0.11 -0.69 -0.59 -0.58 -0.63 -4.04 -558 -447 -425 -517 -272 -136 -063 001 034 040 013 -016 -032 035 084
-1.5D,h3,x1  -0.13 -0.77 -0.78 -059 1.08 072 117 023 -024 -330 -499 -0.34 012 -375 -427 -155 054 114 043 044 028 046 -014 -033 041
-35D,h1,x1  -0.25 -021 -1.16 -1.64 -0.69 -0.61 -0.15 -1.35 -1.13 -1.70 -1.90 -2.32 -196 -3.80 -225 -190 -1.71 -120 -0.85 -143 -1.06 -0.18 -098 -063 0.62
-35D,h2,x1 025 -0.72 -0.28 014 092 003 036 -0.13 -0.60 -247 -3.71 -448 -093 -405 -392 269 -127 -013 -014 -110 -053 -031 -030 002 063
-35D,h3,x1 133 048 055 010 1.03 082 069 013 -087 -390 -633 -452 292 -402 -650 -416 -1.79 036 040 032 061 019 070 079 132
-55D,h1,x1  -1.69 -2.33 -2.66 -3.14 -1.94 -226 -248 -3.12 -2.85 -402 -328 -372 -320 -439 -357 -358 -413 271 261 278 265 -281 -216 -152 -1.02
-55D,h2,x1 134 043 013 -0.03 051 -0.10 -0.39 -1.32 -0.87 -2.15 -2.79 -0.37 004 -317 -270 -194 -114 023 -089 -043 002 041 028 037 053
-55D,h3,x1 065 065 043 -048 059 -0.34 -0.32 -123 -047 -239 -351 027 7.10 117 -382 -2.86 -168 -021 -061 -055 011 -006 -013 061 156
-1.5D,h1,x2  -0.23 -0.57 -0.39 -0.17 005 047 -0.12 048 -026 -052 -245 -329 -309 -214 -138 -0.11 045 045 043 -006 -081 027 070 001 096
-1.5D,h2,x2  -0.76 -0.62 -0.60 -0.79 -0.53 -0.34 -0.37 -0.61 -127 -2.81 -6.03 -3.09 -477 -470 -293 -135 -013 075 067 -002 -035 046 048 -008 098
-1.5D,h3,x2  -0.21 -0.63 -0.68 -0.15 0.18 149 125 048 -043 -2.74 -6.19 -330 493 -312 -446 -119 072 167 072 036 001 -027 084 -003 0.0
-35D,h1,x2 017 -050 -1.00 -0.87 -0.44 019 039 -0.65 -0.98 -1.12 -228 -261 -213 -256 -297 -230 -115 -0.86 -151 -157 -118 -085 013 -077 038
-35D,h2,x2  -0.05 -0.18 021 009 008 045 -021 -031 -048 -155 -415 -401 -229 -433 -409 -153 -043 -031 -009 -050 -0.75 007 068 000 0.9
-35D,h3,x2 073 059 108 090 057 161 072 018 -1.21 -291 -7.72 -536 3.16 -361 -670 -296 -0.83 060 054 023 -002 037 134 073 122
-5.5D,h1,x2  -162 -2.68 -2.61 -2.38 -2.65 -248 -3.13 -249 -3.16 -224 -362 -394 -379 -355 -435 -352 -342 247 233 286 -325 279 -1.90 -219 -0.92
-55D,h2,x2 045 052 037 068 034 039 -082 -143 -128 -1.39 -244 -036 131 -310 -289 -160 -0.88 -033 007 -002 -055 -002 084 025 1.19
-55D,h3,x2 063 050 052 021 -028 057 -0.12 -1.15 -1.70 -1.32 -379 054 7.98 233 -432 -279 -061 -032 -025 -045 -002 079 105 065 091
-1.5D,h1,x3 035 -0.09 001 -0.29 -047 008 -0.02 030 017 -1.31 -233 -268 -320 -351 -148 -001 019 000 019 -001 -040 048 040 066 0.05
-1.5D,h2,x3 022 -1.14 -081 -057 -1.28 043 -0.35 -025 -1.12 -399 -535 -3.34 -485 -470 -2.87 -050 -051 -008 019 002 -017 010 029 093 043
-1.5D,h3,x3 030 -0.39 -0.82 -0.30 -0.15 057 031 064 -0.81 -333 -537 -255 275 -326 -379 -058 052 075 068 020 044 041 006 022 003
-35D,h1,x3 052 -0.07 -0.86 -1.09 -0.97 007 -0.65 -0.88 -0.78 -1.26 -2.40 -261 -217 -302 -275 -157 -155 -163 -121 -1.13 -092 -013 022 031 -0.01
-35D,h2,x3 031 007 011 019 000 060 -0.34 -0.31 -0.86 -2.04 -427 -373 -192 -381 -368 -142 -117 -051 -038 -099 -1.33 016 013 065 034
-35D,h3,x3 161 104 094 109 023 126 007 019 -0.37 -332 -690 -489 646 -465 -692 -374 -143 -031 038 043 087 08 104 074 1.09
-55D,h1,x3  -1.92 -212 -251 -2.66 -3.39 -2.02 -361 -298 -2.78 -369 -346 -304 -383 -376 -332 -303 -386 -399 268 259 -3.05 -233 -224 -098 -0.86
-55D,h2,x3 134 067 030 -0.13 -040 063 -040 -0.72 -0.89 -1.81 -297 -0.48 003 -294 -253 -106 -1.16 -054 -028 -0.04 -020 017 058 045 044
-55D,h3,x3 086 022 -0.08 -0.04 -059 023 -0.19 -011 -1.14 211 -433 086 7.65 139 -387 -265 -1.80 -099 001 008 025 031 014 087 121
No Object,x1 ~ 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
No Object,x2 ~ 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
No Object,x3 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
-1.5D,h1,X_tot 001 -032 -017 -019 -005 0.18 007 032 005 -1.21 -238 -3.09 -3.20 -3.09 -146 000 027 033 015 -0.09 -0.39 038 040 029 0.72
-1.5D,h2, X_tot 042 -090 -069 -070 -057 -020 -043 -048 -1.01 -361 -565 -3.64 -462 -486 -2.84 -1.07 -042 023 040 013 -0.13 013 015 040 0.75
-1.5D,h3,X_tot -0.01 -060 -076 -035 037 093 091 045 -049 -313 -552 -206 260 -3.38 -417 -1.11 059 119 061 033 024 020 025 -0.05 0.15
-35D,h1,X_tot 015 -026 -1.01 -120 -070 -012 -014 -096 -097 -1.36 -220 -2.51 -2.08 -313 -266 -1.92 -147 -123 -1.19 -138 -1.05 -0.39 -021 -0.37 0.33
-35D,h2,X_tot 017 -028 001 014 033 036 -006 -025 -065 -2.02 -404 -407 -1.72 -406 -390 -1.88 -0.96 -0.32 -0.20 -0.86 -0.87 -0.03 017 022 0.35
-35D,h3,X_tot 123 071 086 070 061 123 049 017 -082 -3.38 -6.98 -492 418 -409 -671 -362 -1.35 022 044 032 049 046 103 075 1.21
55D, h1, X _tot -1.74 238 260 -272 -266 -225 -3.07 -2.86 -2.93 -332 -345 -356 -361 -390 -3.75 -3.38 -380 -3.06 -254 -275 -299 -264 -210 -156 -0.93
-55D,h2,X_tot 1.04 054 027 018 015 031 -054 -115 -1.01 -178 -274 -040 046 -3.07 -271 -153 -1.06 -0.21 -0.37 -0.16 -024 018 057 036 0.72
-55D,h3,X_tot 071 046 029 -010 -009 015 -021 -083 -1.10 -1.94 -387 056 7.58 163 -401 -277 -1.36 -051 -0.28 -0.31 011 035 036 071 123
No Object, X_tot 0.00 0.00 0.0 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00

Table B.3: Summary of values for the streamwise velocity of bubbles for different configurations.
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Configuration z1 z2 Z3 Z4 z5 Z6 z7 z8 Z9 Z10 Z1 Z12 Z13 Z14 Z15 Z16 z17 Z18 Z19 Z20 z21 722 z23 Z24 Z25
-1.5D, h1, x1 1724 -71.77 910 1274 2748 -141 -11.72 2840 56.39 -23.41 -0.61 18.39 76.65 -331.80  -127.36 -176.08 50.42 -85.22 7.06 3253 -16.86 -4.64 1.70 -2.40 8.01
-1.5D, h2, x1 5.72 -2.90 714 2351 -9.04 -532 645 2588 -2.81 -76.41 -204.81 -570.36 1059.42 -1241.43 -507.97 -125.50 -89.53  -36.11 -54.44 44,03 596 -18.65 9.90 -7.28 13.16
-1.5D, h3, x1 -1220  -7.91 -3.74 1338 7.02 6.66 -235 5563 1586 -51.91 -184.83 -598.16 1400.58 -1437.68 -484.79 -290.94 51.65 -46.36 -22.03 38.86 6.77 1.96 1249 -13.26 5.57
-3.5D, h1, x1 -3.68 -2292 -1433 1294 -11.23 -13.13 -28.06 3.53 15.63 -52.72 19.47 -31.08 -66.86 -134.10 -17.51 -139.59 42.70 -70.97 1817 3168 -24.39 -1546 -17.59 -7.97 1244
-3.5D, h2, x1 -6.53 -1134 -795 1211 -381 -978 -13.62 30.14 63.89 -3745 30.05 29.52 139.93 -450.02  -310.27 -66.66 11.21 -31.87 -241 7227 -539 -1514 -952 -529 3.86
-3.5D, h3, x1 3.41 268 -11.05 1438 1401 -442 -970 3.66 498 -30.87 -4269 -80.23 -575.34 -1228.48 -1164.18 -674.70 -260.32 -55.88 -8.59 2814 -0.62 -6.11 1846 -13.35 -1.36
-5.5D, h1, x1 -10.29 -0.27 -1413 -11.49 -1241 -1487 -16.53 -2421 1723 -17.61 33.26 -17.04 -75.84 -189.82 13.37 -164.80 -9.01 -6.98 -10.63 2476 -17.20 -20.84 -7.98 -18.14 -13.03
-5.5D, h2, x1 5.63 956 -3.16 694 -698 -0.18 -13.26 -2.69 5437 -3.62 87.59 45.47 -81.23 69.77 -19.50 -192.55 199.21  -2482 -753 28.77 -2850 0.80 8.39 -2536 4.38
-5.5D, h3, x1 -225 -6.22 -10.30 2480 6.07 3.79 -18.34 2428 8565 2271 88.12  183.02  184.02 -45.45 54.13 122.66 125.02 -41.05 2.7 2359 2498 5.02 10.25 -5.83 -2.83
-1.8D, h1, x2 044 1197 744 5.38 1.91 -2556 25639 1922 -17.76 -34.02 11.78 -27.44  -895.31 283.96 -114.51 -143.13 -60.97 23.48 -2487 65.02 -269 -13.25 -14.06 2282 18.30
-1.5D, h2, x2 -8.84 -12.04 4.66 6.40 8.71 -6.74 3027 1829 -37.54 -87.73 -210.38 -606.97 -2516.89 2172.01 -444.11 -213.72 -41.05 -29.33 -130 1884 -522 -1061 1150 -7.55 33.05
-1.5D, h3, x2 -750 -8.41 299 1284 943 -3.34 2873 3470 575 -65.22 -192.28 -873.73 -3472.28 2376.69 -503.18 -205.92 -13.98 9.79 -1585 368 1091 -7.83 -6.68 -10.93 17.81
-3.5D, h1, x2 -13.19 -2517 0.87 273 -1270 -1253 1033 -9.02 6.90 -13.86 33.28 -27.27  -132.01 -62.35 -91.48 -55.62 4725  -60.05 -42.38 59.78 1737 -1433 -21.29 -16.19 -10.00
-3.5D, h2, x2 -10.29 -4.14 438 1044 -135 -2096 2291 3019 079 -10.87 60.23 3.25 -543.28  429.32 -291.70 -74.83 -2163 -2740 -33.30 59.81 -19.73 -2521 -1469 -19.26 -5.16
-3.5D, h3, x2 -841 -120 1410 15.02 -254 -1350 1852 2129 -320 -60.21 -123.83 -295.36 1334.90 1709.91 -660.02 -440.78 -65.31 -6.09 027 6825 -0.67 7.64 3.09 -7.29  -6.50
-5.5D, h1, x2 -423 -16.23 -6.93 -1361 475 -2448 3799 1239 16.31 -10.91 3540 -34.08 -284.48 -144.90 -28.88 -36.15 -3.92 -4483 -862 8226 -10.73 048 2.98 -4.02 1.14
-5.5D, h2, x2 7.83 298 17.04 -096 -366 -16.90 3266 13.71 27.63 17.28 100.44 11713 -239.64 -365.06 -70.09 -87.89 -6450 -2591 -6.81 59.64 10.02 -958 -6.09 2114 -0.51
-5.5D, h3, x2 -0.28 -2.65 0.95 3.73 8.41 -6.93 10.08 36.58 11.04 30.71 121.61 269.56 -1154.73 -8.38 13.83 -46.63 -32.80 26.66 6.00 45.00 1265 -295 2.04 -9.07 2521
-1.8D, h1, x3 -2.84 5.63 -8.08 0.16 7.48 953 -10.86 1837 56.88 13.61 -55.78 -62.05 -452.62 -459.96 60.44 -605.17 -91.68 -46.74 163 -16.70 1485 -3.24 3.68 3.42 3.04
-1.5D, h2, x3 -11.92 -925 -1696 -596 12.03 741 -1044 286 11.72 -7452 -182.75 -337.86 -1699.08 -1374.49 748.48 -1218.67 -9.06 -14.74  -3451 451 6.38 -10.81 -27.19 -8.24 -2.71
-1.5D, h3, x3 -1.77 4.50 -446 1212 2364 022 -11.78 4278 62.48 -24.08 -137.96 -348.39 -2674.43 -946.71 72055  -5781.53 -1845 -1047 1924 -3312 2784 966 -1851 7.29 -8.20
-3.5D, h1, x3 -20.11 -17.98 -22.83 -30.00 13.37 4.14 -31.51 2122 2500 -38.26 -16.49 -54.34 -168.68 63.26 -38.91 1133.57 -104.80 -109.59 -34.96 -26.33 6.41 -27.04 -19.08 -7.06 -20.69
-3.5D, h2, x3 -1412 -876 -1.89 365 1742 11.04 -23.06 -950 2081 -17.02 -10.90 -53.92 -262.59 -333.94 215.09 205.80 35.09 -21.92 -27.87 -1141 2349 721 -2310 030 -18.11
-3.5D, h3, x3 -563 -248 944 -706 1186 1194 -16.60 1150 3791 -80.21 -128.38 -206.01 568.80 -1321.77 1379.12 -23401.86 -148.62 -3446 -17.89 1138 -260 1772 -1577 5.40 -3.05
-5.5D, h1, x3 -1592 -14.96 -1296 -15.07 1.01 053 -27.33 2443 3558 -19.24 -2257 0.42 -362.79  -101.73 22.99 5215.48 36.90 -111.37 -49.00 1289 44.71 201 -29.72 1213 -12.22
-5.5D, h2, x3 -9.09 -242 419 -337 -057 6.33 -31.19 1290 13.65 9.61 46.65 27.70 -175.07 -41.95 -392.86 1839.26 -37.33 -8843 -17.86 14.19 3586 1042 -1041 -048 -17.01
-5.5D, h3, x3 13.61 2.75 2.54 1.50 -1.52 5.69 798 2351 7030 3466 9541 79.31 -296.84 -69.69 -398.73 9422.47 94.79 2.60 0.62 1262 3024 2129 -2.06 16.29 -11.37
No Object, x1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
No Object, x2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
No Object, x3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-1.5D, h1, X_tot  4.95 -4.70 2.82 6.09 1229 1.86 094 2200 31.84 -1461 -1487 -23.70 -423.76 -169.27 -60.48 -308.13 -3408 -36.16 -539 2695 -157 -7.04 -2.90 7.95 9.79
-1.5D, h2, X_tot -5.01 -8.06 -1.72 7.98 3.90 -1.55 876 1568 -9.54 -79.55 -199.31 -505.06 -1052.18 -147.97 -67.87 -519.30 -46.55 -26.72 -30.08 2246 237 -1336 -1.93 -7.69 14.50
-1.5D,h3, X_tot -9.16 -394 -1.74 1278 1336 1.18 487 4437 28.03 -47.07 -171.69 -606.76 -1582.04 -2.57 -89.14 -2092.80 6.41 -15.68 -6.21 3.14 15617 1.26 -4.23 -5.63 5.06
-3.5D, h1, X_tot -12.32 -22.02 -1210 -478 -352 -717 -1641 524 15.84 -34.95 12.09 -37.57  -122.52 -44.40 -49.30 312.79 -4.95 -80.20 -19.72 2171 -021 -1894 -19.32 -1041 -6.08
-3.5D, h2, X_tot -10.31 -8.08 -1.82 8.73 4.09 -6.56 -459 16.94 2850 -21.78 26.46 -7.05 -221.98  -118.21 -128.96 21.43 8.22 -27.06 -21.19 4022 -0.55 -11.04 -1577 -8.08 -6.47
-3.5D, h3, X_tot -3.55 -0.33 -2.13 7.45 7.78 -1.99  -259 1215 1323 -57.10 -98.30 -193.87 44279 -280.11 -148.36  -8172.45 -158.08 -32.14 -874 3592 -1.30 6.42 1.93 -5.08 -3.64
-5.5D, h1, X_tot -10.14 -1048 -11.34 -13.39 -222 -1294 -1.96 420 23.04 -1592 15.36 -16.90 -241.03  -145.49 2.49 1671.51 7.99 -54.39 -22.75 3997 559 -6.12  -11.57 -1143 -8.04
-5.5D, h2, X_tot  1.46 -3.00 3.23 -3.76  -3.74 -358 -3.93 798 3188 7.76 78.23 63.43 -165.31 -112.41 -160.82 519.60 32.46 -46.38 -10.73 3420 579 055 -270 -157 -438
-5.5D, h3, X_tot  3.69 -2.04 -227 10.01 4.32 0.85 -0.09 2812 5566 29.36 101.71 177.30 -422.51 -41.17 -110.26 3166.17 62.34 -3.93 3.1 27.07 2263 7.79 3.41 0.47 3.67
No Object, X_tot  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table B.4: Summary of values for the spanwise velocity of bubbles for different configurations.
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Configuration

Number of Bubbles

Diameter of Bubbles Streamwise Velocity

Spanwise Velocity

-1.5D, h1, x1
-1.5D, h2, x1
-1.5D, h3, x1
-3.5D, h1, x1
-3.5D, h2, x1
-3.5D, h3, x1
-5.5D, h1, x1
-5.5D, h2, x1
-5.5D, h3, x1
-1.5D, h1, x2
-1.5D, h2, x2
-1.5D, h3, x2
-3.5D, h1, x2
-3.5D, h2, x2
-3.5D, h3, x2
-5.5D, h1, x2
-5.5D, h2, x2
-5.5D, h3, x2
-1.5D, h1, x3
-1.5D, h2, x3
-1.5D, h3, x3
-3.5D, h1, x3
-3.5D, h2, x3
-3.5D, h3, x3
-5.5D, h1, x3
-5.5D, h2, x3
-5.5D, h3, x3
No Object, x1
No Object, x2
No Object, x3
-1.5D, h1, X_tot
-1.5D, h2, X_tot
-1.5D, h3, X_tot
-3.5D, h1, X_tot
-3.5D, h2, X_tot
-3.5D, h3, X_tot
-5.5D, h1, X_tot
-5.5D, h2, X_tot
-5.5D, h3, X_tot
No Obiject, X_tot

-5.47
-19.49
-15.80
-12.81
-11.47
-26.23
-21.95
-12.44
-16.82
-5.41
-19.17
-16.07
-12.17
-11.26
-26.17
-21.82
-13.30
-17.12
-4.97
-19.60
-15.33
-12.49
-10.44
-26.05
-21.83
-13.16
-16.40
0.00
0.00
0.00
-5.28
-19.42
-15.73
-12.49
-11.06
-26.15
-21.87
-12.97
-16.78
0.00

-2.59
-6.63
0.68
-12.76
-5.84
-11.23
-15.68
-10.02
-9.63
-2.28
-6.17
1.43
-12.00
-5.18
-10.68
-15.38
-9.47
-8.86
-2.55
-6.81
0.89
-12.44
-5.50
-10.71
-15.63
-10.14
-9.42
0.00
0.00
0.00
-2.48
-6.54
1.00
-12.40
-5.51
-10.88
-15.56
-9.88
-9.30
0.00

-0.53
-1.28
-0.57
-1.22
-1.02
-0.77
-2.82
-0.56
-0.22
-0.45
-1.15
-0.43
-1.08
-0.94
-0.67
-2.81
-0.43
-0.02
-0.52
-1.17
-0.54
-1.06
-0.97
-0.57
-2.83
-0.48
-0.15
0.00
0.00
0.00
-0.50
-1.20
-0.51
-1.12
-0.98
-0.67
-2.82
-0.49
-0.13
0.00

-17.73
-70.06
-61.59
-20.60
-23.76
-163.13
-23.38
3.14
34.34
-35.10
-77.45
-114.95
-17.64
-20.10
59.92
-19.33
-18.80
-25.61
-64.68
-170.23
-363.82
19.13
-11.93
-933.85
183.60
47.37
366.32
0.00
0.00
0.00
-39.17
-105.91
-180.12
-6.37
-18.60
-345.68
46.96
10.57
125.02
0.00
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